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COMPOSITIONS AND METHODS FOR MUSCLE REGENERATION

5 USING PROSTAGLANDIN E2
CROSS-REFERENCES TO RELATED APPLICATIONS

[6001] This application claims priority to U5, Provisional Application No. 62/303,979,
filed March 4, 2016, and U 8. Provisional Application No. 62/348 116, filed June 9, 2016, the
disclosures of which are hereby incorporated by reference in their entirety for all purposes.

10 STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER

FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

16002] This invention was made with govermment support under Grant No. AG020961,
awarded by the National Institotes of Health. The government has certain rights i the
mvention.

15 BACKGROUND OF THE INVENTION

36031 In skeletal muscles, aging leads to progressively impaired regencration and loss of
muscle mass, strength and function. Loss of muscle fuonction is a major public health
problem that ofien leads to severe loss of mobility and impaired quality of lite m the ever-
mereasing aged population. A major determinant of muscle functional decline is the
28 impaired ability of skeletal muscle stem cells (MuSCs} to regenerate muscle after acute injury
or damage in the course of aging. There 15 also a need to augment muscle regeneration in
muscles that have undergone damage, mjury, and/or atrophy due to, for example,
postoperative immoebilization or disuse, cancer and HIV cachexia, muscular dystrophies,

acute imjury, and aging. Resident MuSCs are rare but essential to the maintenance and repair

e
W

of muscle, e.g., skeletal muscle, smooth muscle and cardiac muscle throughout adulthood.
With aging, the number of fimctional stem cells dechines and thus, the need to enhance the

numbers and function of Mu8Cs increases.

[3804] Prostaglandin E2 (PGE2). also known as dinoprostone, has been employed n
varions clinical settings including to induce labor in women and to augment hematopoietic
3¢ stem cell transplantation. PGE2 can be used as an anticoagulant and antithrombotic agent.

PGEZ’s role as a lipid mediator that can resolve inflammation is also well known.
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Nonsteroidal antt-mflammatory  drugs (NSAIDs), inhibitors of COX-1 and/or COX-2,

suppress inflammation by inhibiting prostanoids, mainly via PGEZ biosyathesis.

{0605} PGE2 is synthesized from arachidonic acid by a cyclooxygenase (COX) and
prostaglandin E synthase enzymes. Levels of PGEZ are physiologically regulated by the
PGE?Z degrading enzyme, 15- hvdroxyprostaglandin dechydrogenase (15-PGDH). 15-PGDH

catalyzes the inactivating conversion of the PGE2 15-0OH to a 15-keto group.

16006] There remains a nced in the art for cffective treatments for regenerating or
rejuvenating damaged, mpatred, dyvsfunctional, and/or atrophied muscle m a subject in need

thereof. The present invention satisfies this need and provides advantages as well.

BRIEF SUMMARY OF THE INVENTION
{36071 In one aspect of the present invention, provided herein is a method for sttmulating
the proliferation of a population of isolated muscle stem cells. The method mcludes culturing
the population of isolated nwuscle cells with a compound selected from the group consisting
of prostaglandin E2 (PGE2), a PGEZ prodrug, a PGE2 receptor agonist, a compound that
attenuates PGE2 catabolism, a compound that neutralizes PGE2 mhibition, a derivative

thereof, an analog thereof, and a combination thercof.

{3608} In a second aspect of the present invention, provided hercin iz a composition
comprising a population of isolated muscle cells and a compound selected from the group
consisting of prostaglandin E2 (PGE2), a PGE2 prodrug, a PGEZ receptor agonist, a
compound that attenuates PGEZ catabolism, a compound that neutralizes PGE2 mhibition, a

derivative thereof, an analog thereof, and a combination thereof.

[B80%]  In a third aspect of the present invention, provided herein s a kit comprising the
composition comprising a population of isolated muscle cells and a compound selected from
the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug, a PGE2 receptor agonist,
a compound that attenuates PGE2 catabolism, a compound that neutralizes PGE?Z inhibition, a

derivative thereof, an analog thereof, and a combination thereof, and an instruction manual.

[B610] In a fourth aspect, provided hercin 15 a method for regencrating a population of
muscle cells m a subject having a condition or disease associated with muscle damage, injury,
or atrophy. The method meludes admunistering to the subject a therapeutically effective
amount of a compound selected from the group consisting of prostaglandin E2 (PGEZ), a

PGE? prodrug, a PGE2 receptor agonist, a compound that attenuates PGEZ? catabolism, a
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compound that neutralizes PGEZ inhibition, a derivative thereof, an analog thereof, and a
combination thereof, and a pharmaceutically acceptable carrier, to increase the population of

muscle cells and/or to enhance muscle function in the subject.

{6811} In a fifth aspect, provided herein 1s a method for preventing or treating a condition
or discase associated with muscle damage, ijury or atrophy in a subject in noed thereof. The
method includes administering to the subject (1) a therapeutically effective amount of a
compound selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug,
a PGE2 receptor agomist, a compound that attenuates PGEZ catabolism, a compound that
neutralizes PGE2 inhibition, a derivative thercof, an analog thereof, and a combination
thereof, and a pharmaceutically acceptable carner, and (11) a population of isolated muscle
cells, to prevent or treat the condition or discase associated with muscle damage, mjury, or

atrophy.

36121 Other objects, features, and advantages of the present invention will be apparent to

one of skill in the art from the following detailed description and figures.

BRIEF DESCRIPTION OF THE DRAWINGS
{6813} FIGS, 1A-1H show that transient PGE2 treatment promoies voung MaS{
proliteration i virre. FI1G. 1A: PGEZ levels after voung #ibialis anterior (TA) muscle mjury
(notexan, NTX), controls are uninjured contralateral TAs assayed by ELISA; (n=4 mice per
timepoint). ¥FIG. 1B: Expression of PGEZ synthesizing enzymes (Prges? and FPiges) by
MuSCs after notexin imjury by RT-gPCR, (n=3 mice per timepoint). FIG. 1€ Increase in
MuSC numbers after 24hr treatment with vehicle (~) or PGE2 (10 ng/ml), and subsequent
culture on hydrogel until day 7 (acute treatment); (n=12 mice in 4 independent experiments).
FIG. 1B Increase in MuSC numbers after transient 24 hr treatment with vehicle (-3 or PGE2
(10 ng/ml) in absence or presence of EP4 antagonist (ONG-AE3-208, 1 uM); (n=9 mice
assaved in 3 independent experiments). FIGS. 1E-1G: Proliferation of EP4 null MuS{s.
EP4” (null) MuSCs were transduced with a lentiviral vector encoding GFP/luciferase and
treated with lentiviral vector encoding Cre {(+Cre) or without (-Cre; empty vector) to delete
FP4 alelles. Subsequently MuSCs were treated with vehicle () or PGE2 (10 ng/mi) for 24hr
and cultured on hydrogels for three days. FIG. 1K Scheme depicting EP4-null MoSC
analysis, FIG. 1F: EP4 null MoSC numbers; (86 mice m 2 independent ¢xperiments).
FIG. 1G: Representative image. Bar=40 pm; GFP, green; mCherry, red. FIG. 1H: MuSC

numbers after culture 1n charcoal stripped medium treated with vehicle (-} or PGEZ (10

2
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ng/mly every two davs for 7 days on hvdrogels; (n=3 mice with 3 technical replicates).
¥P<0.05, ¥*P<0.001, ¥¥*P<0 0005 *#*+*#pP<0Q 0001, ANOVA test with Bonferroni correction
for nmultiple comparisons (FIGS. 1A, 1B, 1B, and 1F); pawred t-test (FIG. 1C); Mann-

Whitney test (FIG. 1H). Means+s.c.m. n.s., non-significant.

[6014] FIGS. 2A-2J show an aberrant response of aged MuSCs to PGEZ. FIG. 2A: PGE2
levels after aged TA imury (notexin, NTX); controls are unimjured contralateral TAs assaved
by ELISA; (n=4 mice per timepoint). FIG, 2B PGE2 levels in TAs of vninjured young
{n=7 mice} and aged (=5 mice) mice assaved by ELISA. FIG. 2C. Scheme showing PGEZ
catabolism via degrading enzyme 15-PGDH to its mactive PGE metabolite, 13,14-dihvdro-
15-keto PGE2 (PGEM). FIG. 2D Levels of PGEM quantified by mass spectrometry; (n=4
mice per age group). FIG. 2E. Expression of PGEZ degrading enzyme 15-PGDYH (Hpgd).
{(n=3 mice with 2 technical replicates). FIG. 2F: Increase in aged MuSC numbers after acute
24hr treatment with vehicle (-3, PGE2 (10 ng/ml} or the 15-PGDH inhibitor, SW(33291 (1
uM; SW) assayed at day 7; (n=15 mice in 5 mdependent experiments). FIG. 2G: Aged
MuSC numbers after culture in charcoal stripped medium treated with vehicle (-} or PGE2Z
(10 ng/mly every two days for 7 days on hydrogels; (n=3 micc with 3 technical replicates).
FIG. 2H:  Scheme depicting PGE2? effects on MuSCs.  PGE2 acts through the EP4
receptor/cAMP {cyclic AMP) signaling pathway to promote proliferation. In aged MuSCs,
following intracellular transport by PGT (Prostaglandin transporter), PGE2 catabolism is
mediated by 15-PGDH fo the mactive form, PGEM. FIG. 21 Trajectories from a clone of
aged MuaS{Cs tracked by time-lapse microscopy for 48h in a microwell for control (left} and
after acute treatment with PGE2 (right). The trajectory of the original cell and cach of its
newbom progeny are represented by a differcnt color. FiG, 230 Change in aged MuSC live
cell counts (numbers) m clones tracked by tme-lapse microscopy for control (left, n=32
clones) and after acute treatment with PGE2 (right, n=45 clones). The proportion of ive cells
in cach generation (G1-G6) at all tmepoints 1s shown as cell number normalized to a starting
population of 100 single MuSCs. The percent increase in hive cell count was 4.0% {(conirol)
and 5.4% (PGE2-treated) (top panels). Change n aged MuSC dead cell counts (numbers) in
clones tracked by time-lapse microscopy for control (left) and after acute treatment with
PGEZ (night}. The proportion of dead cclls i cach gencration (G1-G6) at all timepoints is
shown as cell number normalized to a starting population of 100 single MuSCs. The percent
merease in dead cell count was 1.0% {control) and 0.1% (PGE2-treated) (bottom panels).

*P<005, **P<0.001, #FFP<0.0005. ANOVA test with Bonferront correction for multiple
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comparisons (FIGS, 2A and 2F); Mann-Whitney test (FIGS. 2B, 2D, 2E, and 2G).

Meansts.e.m. n.s., non-sigmficant,

0815} FIGS, 3A-3D show that acote PGE2 treatment promotes MuSC engraftment and
regeneration /1 vive. FIG. 3A: Eagraftment of cultured GFP/luc-labeled young MuSCs (250
cells) isolated from transgenic nuce afier acute treatment with vehicle (<) or PGEZ as
described mm FIG. 1C. Transplant scheme (top). Non-invasive bioluminescence imaging
(BLI) signal measured as radiance for each TA; (n=5 mice per condition) (bottom}. FIG. 3B:
Engraftment of GFP/luc-labeled EPYT MuSCs (1,000 cells) treated with Cre (+Cre) or
without (-Cre; empty vector) in culture o delete £P4 alelles. P47 MuSCs were transduced
with a lentiviral vector encoding GFP/luciferase for BLI. Transplant scheme (top). BLI
signals post-transplant (n=3 mice per condition (bottom}. FIG. 3¢ Engraftment of freshly
sorted GFP/luc-labeled yvoung MuSCs (250 cells) comjected with vehicle (-) or dmPGEZ.
Transplant scheme (top). BLI signals post-transplant; (n=4 and n=5 muce for velucle and
dmPGE2 treated, respectively). FIHG. 3D Engrafiment of GFP/uc-labeled aged MuSCs
(250 cells) coimjected with vehicle (-} or dmPGE?2; {n=3 mice per condition} (bottom}. Aged
MuSCs were transduced with a lentiviral vector encoding GFP/luciferase for BLI. Transplant
scheme (top). BLI signals post-transplant expressed as average radiance (ps cm ~sr ).
Representative BLI images for cach condition. Bar=3mm (FIGS. 3A-3B). Data are
representative of two independent experiments. ¥ P<0.05, **P<0.0061 and ***P<0.0005.
ANOVA test for group corparisons and significant difference for endpoints by Fisher’s test.

Means +s.em.

[0616] FIGS. 4A-4P show that intramuscular injection of PGE2 alone promotes MuSC
cxpansion, improves regeneration, and increases force. Young: (FIGK. 4A-4D) TA muscles
of voung mice were injected with vehicle (-} or dmPGE2 48hr post-cardictoxin {CTX) injury;
(n=3 mice per condition}, FIG. 4A:  Scheme of expenmental procedure (fop).
Representative TA cross-section (bottom} with nuclet (DAPE; blue), LAMININ (green) and
PAX7 (red) staining 14 days after cardiotoxin injury. Arrowheads indicate PAX7 MuSCs.
Bar=40 um. FIG. 4B; lncrease in endogenous MuSCs by immunofiuorescence of PAXT
expressing satellite celis per 100 fibers in cross-sections of TAs from voung nice. FiG, 4C:
Myofiber cross-sectional areas (CSA) in vehicle (-, open white bar} and dmPGE2 treated
{(filled blue bar) young TAs quantified using the Baxter Algorithms for Myofiber Analysis.
FIG. 4D Distribution of small (<1,000 pm” CSA) and large (>1.000 um® CSA) myofibers.

(FIGS., 4E-4G) Increase i endogenous MuSCs  assaved by Pax7-luciferase.

(]
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Poax 77 Rosa26-LSL-Luc mice were treated miraperitoneally with tamoxifen (TAM), TAs
subjected to cardiotoxin {CTX) wyury, injected with vehicle () or dmPGE2 3 days later and
monitored by BLI; (n=3 mice per condition). FIG. 4E: Scheme of experimental procedure.

FIG. 4F: BLI (0=3 muice per condition). FIG. 4G Representative BLI image. Bar=Smm.

(]

Aged: (FIGK, 4H-4K) TAs of aged mice were treated in vivo with vehicle (-} or dmPGE2
treatment 48hr post-cardiotoxin (CTX) injury; (=3 mice per condition). FIG. 4H: Scheme
of cxperimental procedure (top). Representative TA cross-section {(bottom) with nuclei
{(DAPLbhue), LAMININ (green) and PAXT (red) stamning 14 davs after cardictoxin injury.
Arrowheads indicate PAX7 muscle stem cells. Bar=40 pm. FIG. 4:  Increase in
10 endogenous MuSCs as in FIG, 4B for aged mice. FiG, 4. Myofiber cross-sectional arca
(CSA) as mn FIG. 4C for aged TAs. FIG. 4K Dastribution of CSA as m FIG. 4B for aged
TAs. (FIGS, 4L-4P) Increase in strength in aged mice measured in vive as muscle
contractile force after downhill treadmill run. Mice were subject to a 20° downhill treadmill
run for 2 consecutive weeks and force was assayed at week 5. During the first week, medial
15 and lateral gastrocnenius (GA) of aged mice were injected ecither with vehicle (<) or
dmPGEZ. n=10 or 8 biological replicates for vehicle () treated or dmPGE2 treated,
respectively, with 5 tcchnical replicates ecach. FIG. 4K Experimental scheme.
Representative twitch force (FIG. 4M) and tetanic force (FIG. 4N). Specific muscle twitch
forces (FIG. 40) and specific muscle tetanic force (FIG. 4P) were calculated by normalizing
28 force to physiological cross sectional arcas (PCSA). Paired t-test (FIGS. 48, 4D, 41 and
4K); ANOVA test for group companson and significant difference for the cndpoint by
Fisher's test (FIG., 4F); Mann-Whitnev test (FIGS. 40 and 4P). *P<0.05, **P<0.001 and

*hEEPO G001, Meanstsem.

[66177 FIGS. SA-SK show that PGE2 promotes MuSC expansion. FIG. 5A: PGE2 levels

[\
(]

day 3 after crvomjury for fibialis anterior {TA) hindhimb museles of voung mice compared to
contralateral uninpired controls as assayed by ELISA; {o=4 mice per time point per
condition). FIG. 5B: Representative image of dividing muscle stem cells (MuSCs) labelled
with EdU (red) during lhr afier treatment with PGEZ (10ng/ml) for 24h (d0 to d1} or vehicle
(-}, and stained for MYOGENIN (green}. Bar represents 40 pm. FEG, 3C: Percentage of
30 dividing MuSCs labeled with EDU as in (b); (n=6 mice with 3 technical replicates in two
mdependent experiments). FIG. 8B Increase in prohiferation measured by the metabolic
viability assay VisionBlue after treatment with vehicle (-} or indicated doses of PGE2 (1-200

ng/mby; (=6 mice with 3 technical replicates in two independent experiments). FIG, SE:
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Hxpression of prostaglandin receptors (Prger -4} by MuSCs after 24hr treatment with
vehicle (-} or PGEZ; {n=3 mice with 2 technical replicates). FIG., 5K Increase in ¢cAMP
levels in MuSCs afier Thr PGE2 treatment relative to untreated controls {-}; (n=6 mice with 3

technical replicates assayved i 2 independent experniments). FIGS, 3G-5H: Expression of

(]

Pax7 (FIG. 3Gy and Myogenin (G, SH} by MuSCs after 24hr treatment with vehicle (- or
PGEZ; {n=3 mice with 2 technical replicates). ¥FIGS, 51-54: EP47 MuSCs were transduce

with a lentiviral vecior encoding GFP/Auciferase and treated with lentiviral vector encoding
Cre (+Cre) or withouwt (-Cre. empty vector) to delete KP4 alelles. Bar graphs show
percentage of +Cre MuSCs (FIG. 51) and GFP/Luc” MaSCs (FIG. 8J). FIG. 3K
10 Representative image of MuSCs in hydrogel culture after 7 days in myoblast medium
containing charcoal stripped fetal bovine supplemented with velucie (<) or PGE2 (10 ng/ml)
every two days. Bar represents 40 pum. *P<0.05, #¥P<0.001, ***P<0.0005. Paired t-test
(FIGK. 5A, 5K, 56, and SH), Maon-Whitney test (FI1G. 5C). Meanstsem. ns, non-

significant.

15 [6018] FIGS. 6A-6( show mass spectrometry analysis of yvoung and aged muscle to detect
prostaglandins and PGEZ metabolites. FIG. 64A: Chenucal structures, chenucal formula,
exact mass and molecular weight of analyzed prostaglandins (PGE2, PGF2¢ and PGD2)Y and
PGE2 metabolites (15-keto PGE? and 13, 14-dihydro-15-keto PGE2). The miemal standards
PGFZo-D9 and POHEZ-D9 were added to all composite standards. FIG. 6B: Calibration lines

20 for higwd chromatographv-clecirospray ionization-tandem mass spectrometry  {(LC-ESI-
ME/MS) avalysis were prepared by diluting stock sobutions to final concentrations of 0.1
n/ml o 500 ng/mil. Standard cwrve equations and correlation coefficionds are shown for cach
standard.  FIG. 6C:  Representative chromatogram.  The separate peaks show excellent
chromatographic resolotion of the analyzed prostaglanding and their metabolites. ¢ps, counts

25 persecond.

[6819] FIGS, 7A-7G show that aged MuSCs inerease proliferation and cell survival in
response to PGE2 treatment. FIGS, 7TA-7C: mRNA levels measured by gRT-PCR were
normalized to Gapdh for voung and aged MuSCs; (n=3 mice with 2 technical replicates).
FIG. 7TA: Prostaglandin transporter (PGT) encoded by the SleoZal gene. FIG. 7TB: PGE2
30 synthesizing enzymes, Piges and Piges?. FIG, 7C: EPI1-4 receptors encoded by the genes
Pigeri-4. FIG, TD: Pax7 mBENA levels m MuSCs after 24hr treatment with vehicle (-} or
PGEZ? treatment; (n=3 mice with 2 technical replicates). FIG. TE: Smgle aged MuSC clones

tracked by time-lapse microscopy after acute treatment with vehicle (- top) or PGE2
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(bottom). For each clone the resulting number of live (open bar) and dead (black bar) cells
after 48h timelapse tracking is shown. FIiG. 7F: Proliferation curve of tracked live aged
MuSCs assessed by tume-lapse microscopy for vehicle (-} or transient PGE2 treatment during
48h. FIG. 7G: Flow cytometry analysis of apoptotic Annexin V' on aged MuSCs after 24hr
treatment with vehicle (-) or PGE2 and analyzed 7 days later after growth on hvdrogels; (n=9
mice in 3 independent expenments}, Mann-Whitney test (FIGS, TA-TE) and paired t-test

(F1G. 7G) at 0=0.05. Means+s.e.m. n.s., non-significant,

[06208] FIGS, BA-8B show Baxter Algorithms for Myofiber Analveis of muscle cross-
sectional arca. FiG, 8A: Representative cross-sectional images of ubialis anterior myofibers
of young nuce treated i vive with vehicle (<) or PGE2 48hr post-cardiotoxin (CTX) iyury.
Images show staming with LAMININ, green and DAPI, blue. FIG. 8B: The comresponding
segmentation images from FIG. 8A analvzed by the Baxier Algorithms for Myofiber
Analysis to determine the cross sectional area (CSA) of transverse sections of myofibers

{(bottom} at day 14 post-iury. Bar represents 40 pum.

6821} FIGS, 9A-9G show that deletion of PGE2 receptor EP4 m MuS{s decreases
regeneration and force of skeletal muscle after mpury.  Tibialis anteriors {TAs) of Pax7-
specific EP4 conditional knockout mice (Pax7" ™ EP4™) wreated with tamoxifen were
assayed at & (FIGS, 9C-9D), 21 (FIGS, 9B and 9K), and 14 {FIGS. 9F and 9G) days post-
notexin njury; (8=3 mice per condition). FiG:. 9A: Expenmental scheme. FIG. 98:
Expression of Pigerd (EP4 receptor) in sorted MuSCs (o™ CD347 Lin') from control or EP4
KO mice post-imury. FIG. 8C: Representative TA cross-section. DAPI, blue; Embryonic
Myosin Heavy Chain (eMyHC), red. Bar=40 pm. FIG. 9D: Percentage of eMyHC™ fibers.
FIG. 9E: Myofiber cross-sectional areas (CSA} 1n control and Pax7-specific EP4 knockout
TaAs. FIG. 9F: Muscle twitch forces and (FIG. 9G) muscle tetanic force at day 14 post-
notexin wjury.  Mann-Whitney test (FIGS. 2B, 9C, 9F, and 9G); ANOVA test for group
comparison and significant difference for each bin by Fisher's test (FI1G. SE). * P<0.05,

**%xP<0.0005, and **¥**P<0.0001. Means+s.e.m.

16622] FIGS. 18A-18C show that blockage of endogenons PGE2 signaling tn muscle at an
carly timepoint of regeneration reduces regeneration and force. Endogenous MuSCs assayed
in Pax7 " Rosa26-LSL-Luc mice treated with tamoxifen (TAM) by non-invasive
bichunimescence imaging (BLI afier injection with vehicle (-} or NSAID (Indomethacin)

post-cardiotoxin injury 1nto the 7ibialis anterior {TA); (n=3 mice per condition). FIG. 184:
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Hxpermmental scheme. FIG. 10B: BLI (n=3 mice per condition). FIG. 180 Mascle twitch
forces at day 14 post-notexin injury {n=8 for vehicle-treated and 10 for NSAID-treated).
ANOVA test for group comparison and significant difference for the endpoint by Fisher’s
test (FIG. 10B). Mann-Whitney test (FIG. 18C). * P<0.05, #¥P<0.001, ***¥P<0.0005, and

*#xxx P 0001, Meanstsem.

DETAILED DESCRIPTION OF THE INVENTION

L Introduction

[6623] The present invention is based, in part. on the discovery that prostaglandin £2
(PGEZ) can improve muscle cell prohiferation and function. PGE2 alone or in combination
with isolated muscle cells can be used to repair muscle damage due to injury, atrophy, or
discase. In fact, PGE2~treated muscle cells oxhibit enhanced muscle regeneration and
waproved muscle function upon admimstration.  As such, provided herein are novel
therapeutic methods, compositions, and kits to promote muscle regeneration and rejuvenation

of damaged, injured, or atrophied muscle.
. General

[6024] Practicing this invention utilizes routine technigues in the field of molecular
biology. Basic texts disclosing the general methods of use m this invention nclude
Sambrook and Russell, Moleculor Cloning, A Laboratory Mavmad (3rd ed. 2001); Kriegler,

Gene Transfer and Expression: A Laboratory Moanual (1990}, and Curreni Profocols in

(6825} For nucleie acids, sizes are given in either kilobases (kb), base pairs (bp}, or
nucleotides (nt). Sizes of single-stranded DNA and/or RNA can be given in nucleotides.
These are estimates derived from agarose or acrviamide gel electrophoresis, from sequenced
nucleie acids, or from published DNA sequences. For proteins, sizes are given in kilodaltons
(kDa} or aminc acid residue numbers. Protein sizes are estimated from gel electrophoresis,
from sequenced proteins, from derived amino acid sequences, or from published protein

sequences.

[6626] Oligonucleotides that are not commercially available can be chemically synthesized,
e.g., according to the solid phase phosphoranudite triester method first described by
Beaucage and Caruthers, Tefrahedron Lett. 22:1839-1862 (1981}, using an automated

synthesizer, as described in Van Devanter er. afl., Nucleic Acids Res. 12:6159-6168 (1984).
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Purification of oligonucleotides is performed using any art-recognized strategy, ¢.g., native

acrylamide gel electrophoresis or anion-exchange high performance liquud chromatography

(HPLC) as described in Pearson and Reanier, J. Chrom. 255 137-149 (19483).
i, Befinitions

§0271  As used heremn, the followmg terms have the meamings ascribed to them unless
B o S

specified otherwise.

[6628] The terms “a,” “an,” or “the” as used herein not only include aspects with one
member, but also include aspects with more than one member. For mstance, the singular
forms “a,” “an,” and “the” include plural referents unlfess the context cleardy dictates
otherwise. Thus, for example, reference to “a cell” ncludes a plurality of such cells and
reference to “the agent” includes reference to one or more agents known to those skilled

the art, and so forth.

[6029] The term “prostaglandin E27 or “PGE2” refers to prostaglandin that can be
prostaglandin E synthases (PGES). PGE2 plays a role in a number of biological functions

mcluding vasodilation, inflammation, and modulation of sleep/wake cvcles.

[3638] The term “prostagiandin E2 receptor agonist”™ or “PGEZ receptor agonist” refers to a
chemical compound, small molecule, polvpeptide, biological product, efc. that can bind to
and activaie any PGE?2 receptor, thereby stmulating the PGE2 signaling pathway.

[6631] The term “compound that attenuates PGE2 catabolism™ refers to a chemical
compound, small molecule, polyvpeptide, biological product, erc. that can reduce or decrease

the breakdown of PGE2.

[6632] The term “compound that neutralizes PGE2 inhibition” refers to a chemical
compound, small molecule, polypeptide, biological product, efe. that can block or impede an

inhibitor of PGE? synthesis, activity, secretion, function, and the like.

{38331 The term “denvative,” in the context of a compound, includes but is not himited to,

amide, ether, ester, aming, carboxyl, acetyl, and/or alcohol dervatives of a given compound.

[6634] The term “embryomc stem celi-denived muscle cell” or “ESC-denved muscle cell”

refers to a muscle cell that is denived from or differentiated from an embrvonic stem cell.

10
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16635] The term “induced plaripotent stem cell-derived musele cell” or “PSC-denved
muscle cell” refers to a muscle cell that is derived from or differentiated from an induced

pluripotent ster cell.

{6835} The term “isolated,” in the context of cells, refers to a single cell of interest or a
population of cells of interest, at lcast partiallv isolated and/or purified from other ccll types
or other cellular material with which it naturally occurs in the tissue of origin {e.g., muscle
tissue). A population of muscle cells is “isolated” when it 13 at least about 60%, at least about
70%, at least about 75%, at least about 80%, at least about 83%. at least about 90%, at least
about 91%, at lcast about 92%. at least about 93%. at least about 949, at least about 95%, at
feast about 96%, at least about 97%, at least about 98% and. n certain cases, at least about
099% free of cells that arc not muscle cells. Punty can be measured by any appropriate

method, for example, by flucrescence-activated cell sorting.

{36377 The term “autologouns” refers to any material {e.g. a cell) derived from the same

individual to whom 1t is later to be re-introduced mito the individaal.

16038] The twerm “allogeneis™ refers to any matonial {e.g., a celly dertved from a different
ardmal of the same speecies as the mndividual o whom the material 18 introduced. Two or
more individuals are sawd o be allogencic to one another when the genes &t one or more loc
are not wlentical, In some aspects, allogeneic matenal from mdividuals of the same species

may be sufficiently unlike genctically {o mteract antigemcally.

[6639] The term “treating” or “treatment” refers to any one of the following: amelioratimg
one or more symptoms of disease; preventing the manifestation of such symptoms before
they occur; slowing down or completely preventing the progression of the discase {as may be
cvident by longer periods hetween reoccurrence episodes, slowing down or prevention of the
deterioration of symptoms, efc.}; eshancing the onset of a remission period; slowing down
the irreversible damage caused in the progressive-chronic stage of the disease (both in the
primary and secondary stages);, delaying the onset of said progressive stage: or any

combination thereof

[6846] The term “adounister,” “admunistering,” or “admimistration” refers to the methods
that may be used to enable dehiverv of agents or compositions such as the compounds and
cells described herein to a desired site of biclogical action. These methods mclude, but are
not limited to, parenteral administration {e.g., intravenous, subcotancous, intraperitoneal,

mtramuscular, intra-arterial, intravascular, intracardiac, intrathecal, intranasal, intradermal,

ii
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mtravitreal, and the bke), transmucosal injection, oral administration, administration as a
supposttory, and topical admimistration. One skilled in the art will know of additional
methods for administering a therapeutically effective amount of the compounds and/or cells
described herein for preventing or relicving one or more symptoms associated with a disease

or condition.

[3041] The term “therapeutically effective amount” or “therapeutically effective dose” or
“effective amount” refers to an amount of a compound, therapeutic agent {e.g2., cells}, and/or
pharmaceutical drug that is sofficient to bring about a beneficial or desired clinical effect. A
therapeutically cffective amount or dose may be based on factors individual to cach patient,
mcluding, but not hmited to, the patient’s age, size, type or extent of disease, stage of the
disease, route of administration of the regenerative cells, the type or extent of supplemental
therapy used, ongoing discase process and type of treatmont desired {e.g.. aggressive vs.
conventional treatment). Therapeutically effective amounts of a pharmaceutical compound
or compositions, as described herein, can be estimated nitially from cell culture and animal
models. For example, 1Cs, values determined i cell culture methods can serve ag a starting
point in amimal models, while 1C5 values determined in amimal models can be used to find a

therapeutically effective dose n humans.

[6042] The term “pharmaceutically acceptable carrier” refers to refers to a carner or a
diluent that does not cause significant irmitation to an organism and does not abrogate the

biological activity and properties of the administered compound.

[6643] The terms “subject.” “individual,” and “patient” are used interchangeably herein to
refer to a vertebrate, preferably a mammal, more preferably a haman., Mammals include, but

are not Bmited to, murings, rats, stmians, humans, farm animals, sport animals, and pets.

[B844] The term “acute exposure,” in the context of administration of a compound, refers
o a temporary or brief application of a compound to a subject, e.g., human subject, or cells.
In some embodiments, an acute exposure includes a single admimistration of a compound

over the course of treatment or over an extended perod of time.

{6845} The term “intermittent exposure,” o the context of admimstration of a compound,
refers to a repeated application of a compound to a subject, e.g., human subject, or cells,

il

wherein a desired period of time lapses between applications.
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{38461 The term “acute regimen,” in the context of admmstration of a compound, refers to
a temporary or brief application of a compound to a subject, e.g, human subject, or to a
repeated application of a compound to a subject, e.g, human subjoct, wherein a desired
period of time (e.g., | day) lapscs between apphcations. In some embodiments, an acute
regimen includes an acute exposure {e.g., a single dose) of a compound fo a subject over the
course of treatment or over an ¢xtended period of time.  In other embodiments, an acute
regimen includes mtermiticnt exposure {e.2., repeated doses) of a compound to a subject in

which a desired period of time lapses between each exposure.

[6647} The term “continuous exposure,” in the context of adnunistration of a compound,
reters to a repeated, chronic application of a compound to a subject, e.g., human subject, or

cells, over an extended period of ime.

[3848] The term “chronic regimen,” in the context of administration of a compound, refers
to a repeated, chronic application of a compound {0 a subject, e.g., human subject, over an
extended period of time such that the amount or level of the compound is substantially
constant over a selected time peniod.  In some embodiments, a chronic regimen includes a

continuous exposure ot a compound 1o a subject over an extended period of time.
Y.  Detailed Description of the Embodiments

1364%] In one aspect, provided hercin is a method for stimulating the proliferation,
cxpansion, and/or engraftment of a population of isolated muscle cells by culturing the
population of isolated muscle cells with a compound selected from the group consisting of
prostaglandin B2 (PGE2), a PGEZ prodrug, a PGEZ receptor agonist, a compound that
attenoates PGE2Z catabolism, a compound that neutralizes PGEZ imhibition, a derivative
thereof, an analog thercof, and a combination thereof. In some cmbodiments, the population
ot isolated muscle cells is substantially punfied or purified (e. 2., separated from non-muscle
cells or other cells that are not of interest). In some instances, the population of isclated
muscle cells comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells,
embryonic stem cell-denved muscle cells, induced pluripotent stem cell-derived muscle cells,
dedifferentiated muscle cells, or a combination thereof. In particular embodiments, the
population of isolated muscle cells comprises muscle stem cells, satelhite cells, mvocytes,

nwoblasts, myotubes, myofibers, or a combination thercof.

106508} The population of solated muscle cells can be obtained from a subject. In other

cembodiments, the 1solated muscles cells are from a cell line, e.g., a prmary cell line. fo some
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mstances, the subject has a condition or discase associated with muscle damage, mpury, or
atrophy. The condition or disease associated with muscle damage, injury, or atrophy can be
selected from the group cousisting of acute muscle injury, tear, or trauma, soft tissue hand
mjury, Duchenne muscular dystrophy {(BMD), Becker muscular dystrophv, hmb girdle
muscular dystrophy, amyotrophic lateral sclerosis (ALS), distal muscular dystrophy (DD,
inherited myopathies, myotonic muscular dystrophy {(MDD), mutochondrial myopathies,
mwyotubular myopathy (MM}, myasthenia gravis {MQG), congestive beart failure, periodic
paralysis, polymyositis, rhabdomyolysis, dermatomyositis, cancer cachexia, AIDS cachexia,

cardiac cachexia, stress induced urinary incontinence, and sarcopenia.

[6031] In some embodiments, the PGE2 denvative comprises 16,16-dimethy] prostaglandin
E2. In other embodiments, the compound that attenuates PGEZ catabolism comprises a
compound, neutralizing peptide, or neutralizing antibody that inactivates or blocks 13-
hydroxvprostaglandin dehvdrogenase (15-PGDH) or inactivates or blocks a prostaglandin
transporter (PTG or SLCOZAL), which transports PGE2 inside the cells for catabolism by 15-
PGDH.

(0852} In some embodiments, the step of colturing the population of solated muscle cells
with the compound comprises acute, mtermittent, or continuous exposure of the population of
isolated muscle cells to the compound. The compound may be exposed to the isolated cells
once in an acute manner. In other cases, the compound may be exposed to the isolated ceils
at more than one time pomt such that time elapses between exposures. In vet other cases, the

compound may be exposed to the isolated cells continacusly such that the fevel of compound

in direct contact with the cells does not fall below a pre-selected amount.

(6853} In particular embodiments, provided hercin is a method for promoting muscle cell
engraftment in a subject. The method mncludes culturing or contacting a population of
isolated muscle cells with an effective amount of a compound selected from the group
consisting of prostaglandin B2 (PGE2), a PGE2 prodrug, a PGE2 receptor agonist, a
compound that attenuates PGE2 catabolism, a compound that neatralizes PGE?2 whibition, a
derivative thereof, an analog thercof, and a combination thereof, to promote engraftment of
the muscle cells in the subject; and adminmistering the cultured or contacted muscle cells to the

subject.

{36541 In another aspect, provided herein is a composition comprising a population of

isolated musele cells and a compound selected from the group consisting of prostaglandin E2

14
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(PGE2}, a PGEZ prodmg, a PGE2 receptor agonist, a compound that attenoates PGE2Z
catabolism, a compound that neutralizes PGE2 mhibition, & derivative thereof, an analog
thereof, and a combination thereof. In some cmbodiments, the population of isolated muscle
cells comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells, embrvonic
stem  cell-derived mauscle cells, induced plunpotent stem cell-derived muscle cells,
dedifferentiated muscle cells, or a combination thercof. In some instances, the population of
isolated muscle cells comprises muscle stem cells, satellite celis, myocytes. mvoblasts,
myotubes, myofibers, or a combination thercof. The composition can also include a

pharmaceutically acceptable carrier,

[6653] In vet another aspect, provided herein 1s a kit comprising any of the compositions

disclosed herein, and an instruction manual.

[B856] In another aspect, provided herein is a method tor regenerating a population of
muscle cells in a subject having a condition or disease associated with muscle damage, injury,
or atrophy. The method includes adounistering to the subject a therapeutically effective
amount of a compound selected from the group consisting of prostaglandin £2 (PGEZ), a
PGE? prodrug, a PGE2 receptor agonist, a compound that attenuates PGE2 catabolism, a
compound that neutralizes PGE2 inhibition, a denvative thereof, an analog thercof, and a
combination thercof, and a pharmaceutically acceptable carrier, to increase the population of

muscle cells in the subject and/or to enhance muscle function in the subject.

{6657} In a related aspect, provided herein 13 a method for stimulating the proliferation
and/or expansion of a population of muscle cells 10 a subject having a condition or disease
associated with muscle damage, mjury, or atrophy. The method includes administering to the
subject a therapeutically effective amount of a compound selected from the group consisting
of prostaglandin E2 (PGE2Z), a PGE2 prodmug, a PGEZ receptor agonist, a compound that
attenuates PGE2 catabolism, a compound that neutralizes PGEZ inhubition, a derivative
thereof, an analog thereof, and a combination thereof, and a pharmaceutically acceptable
carrier, to increase the population of muscle cells in the subject and/or to enhance muscle

function in the subject.

[6858] In some embodiments, the population of muscle cells comprises an endogenous
population of muscle cells. In other embodiments, the population of muscle cells comprises a
population of solated muscle cells that has been administered {e.g., injected or transplanted)

to the subject. In vet other embodiments, the population of muscle cells comprises both an
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endogenocus population of muscle cells and a population of 1solated muscle cells that has been

adnunistered to the subject.

[0859] In some embodiments, the condition or discase associated with muscle damage,
injury, or atrophy is selected from the group consisting of acute muscle injury or trauma, soft
tissuc hand ijury, Duchenne muscular dystrophy (DMD), Becker muscular dystrophy, limb
girdie muscular dvstrophy, amvotrophic lateral sclerosis (ALS)Y, distal muscular dyvstrophy
(D), mherited myopathies, myotonic muscular  dystrophy (MDD}, mitochondrial
myopathies, myotubular myopathy (MM}, myasthenia gravis (MG), congestive heart failure,
periodic paralvsis, polvmyositis, thabdomyolvsis, dermatomyositis, cancer cachexia, AIDS

cachexia, cardiac cachexia, stress induced urinary incontinence, and sarcopenia.

[B060] In some embodiments, the population of muscle cells comprises skeletal muscle
cells, smooth muscle cells, cardiac muscle celis, embryvonic stem cell-denived muscle cells,
mduced pluripotent stem cell-derived muscle cells, dedifferentiated mascle cells, or a
combination thereof In some cases, the population of muscle cells comprises muscle stem

cells, satellite cells, myocvites, myoblasts, myvotubes, myofibers, or a combmation thereof.

[6061] In some embodiments, the PGE2 derivative comprises 16,16-dimethyl prostagiandin

NI

10662}  In some embodiments, the compound that attenuates PGE2 catabolism comprises a
compound, neutralizing peptide, or neutralizing antibody that inactivates or blocks 15-
hydroxyprostaglandin dehvdrogenase (153-PGDH)} or inactivates or blocks a prostaglandin

transporter (PTG or SLCO2AT).

[3863] In some embodiments, the step of administering the compound comprises oral,
mtraperitoneal, intramuscular, intra-arterial, intradermal, subcutaneous, intravenous, or
mntracardiac admimstration. In some cases, the compound s administered in accordance with
an acute regimen. In certain instances, the acute regimen comprises acute exposure {e.g2., a
single dose) of the compound to the subject. In other instances, the acute regimen comprises
micrmittent exposure {e.g., repeated doses) of the compound to the subject. As a non-
himiting example, an acute PGE2 regimen can comprise a serics of intermitient {e.g., daily)

doses of PGE2 over a desired period of ime {e 2., overthe course of 2, 3,4, 5, 6, or 7 days).

10664}  In cther embodiments, the step of administering further comprises administering a

population of isolated muscle cells to the subject. The population of isolated muscle ceils can
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be autologous to the subject. The population of 1solated muscle cells can be allogeneic to the
subject. In some mstances, the population of solated muscle cells is substantially punfied or
purtficd.  fo other instances, the population of isclated muscle cells is cultured with the
compound prior to being adnunistered to the subject. The step of cultuning the population of
isolated muoscle cells with the compound can include acute, mtermittent, or contingous
exposure of the population of isclated muscle cells to the compound. Administering the
population of isolated muscle cells can comprise injecting or transplanting the cells into the
subject. The population of isolated muscle cells and the compound can be administered to
the subject concomitantly. Alematively, the population of isolated muscle cells and the

compound can be administered to the subject sequentially,

(6865} In another aspect, provided herein is a method for preventing or treating a condition
or discase associated with muscle damage, ijury or atrophy in a subject in noed thereof. The
method includes administering to the subject (1) a therapeutically effective amount of a
compound selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug,
a PGE2 receptor agomist, a compound that attenuates PGEZ catabolism, a compound that
neutralizes PGE2 mhibition, a derivative thercof, an analog thereof, and a combination
thereof, and a pharmaceutically acceptable carner, and (13) a population of isolated muscle
cells, to provent or treat the condition or disease associated with muscle damage, mjury, or

atrophy.

{36661 In a related aspect, provided herein i1s a method for stimulating the proliferation
and/or cxpansion of a population of muscle cells in a subject having a condition or disease
associated with muscle damage, mjury, or atrophy by administering to the subject (1) a
therapeutically effective amouant of a compound selected from the group consisting of
prostaglandin B2 (PGE2}, a PGEZ prodrug, a PGE2Z receptor agonist, a compound that
attenuates PGEZ catabolism, a compound that neutralizes PGEZ mhibition, a derivative
thereof, an analog thereof, and a combmation thercof, and a pharmaceutically acceptable
carrier, and (1) a population of isolated muscle cells. In some embodiments, the population
of muscle cells comprises an endogenous population of muscle cells. In other embodiments,
the population of muscle cells comprnises the population of isolated muscle cells that has been
adounistered {(e.g., njected or transplanted) to the subject. In vet other embodiments, the
population of muscle cells comprises both an endogenous population of musele cells and the
population of isolated muscle cells that has been administered to the subject. In certain

embodiments, the therapentically effective amount of the compound comprises an amount

17
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that 1s sufficient to merease the population of endogencus muscle cells 1n the subject and/or
to increase the population of isolated muscle cells that has been admimistered to the subject
and/or to enhance muscle function in the subject.

[6067] In some embodiments, the PGE2 derivative comprises 16,16-dimethyl prostagiandin
22, In some iostances, the compound that attermates PGEZ catabolism comprises a
compound, neutralizing peptide, or neutralizing antibody that inactivaies or blocks 15-
hyvdrosyprostaglandin dehvdrogenase (15-PGDH) or inactivates or blocks a8 prostaglandin

transporter (PTG or SLCO2A1L)

{0668} In some embodiments, the population of muscle cells comprises skeletal muscle
cells, smooth muscle cells, cardiac muscle cells, embryonic stem cell-derived musele cells,
induced plunpotent stern cell-denved mwscle cells, dedifferentiated mmscle cells, or a
combination thereof. In some cases, the population of muscle cells comprises muscle stem
cells, satellite cells, mvocytes, myoblasts, myotubes, myofibers, or a combination thereof.

The population of isolated muscle cells can be substantially punfied or purified.

[0869] In some embodiments, the population of solated muscle cells is cultured with the
compound prior io being adounistered to the subject. In some cases, culturing the population
of isolated muscle cells with the compound comprises acute, intermittent, or confinuous

exposure of the population of 1solated muscle cells to the compound.

[6678] In some embodiments, the population of isolated muscle cells is autologous to the
subject. In other embodiments, the population of isolated muscle cells 15 allogeneic to the

subject.

[B8711  Admimistration of the compound can be oral, mtraperitoneal, mtramuscular, intra-
arterial, miradermal, subcutancous, intravenous, or intracardiac adminigtration. In some
cases, the compound is administered in accordance with an acute regimen. In certain
mstances, the acute regimen comprises acute exposure {e.g., a single dose) of the compound
to the subject. In other mstances, the acute regimen comprises intermittent exposure {e.g.,
repeated doses) of the compound to the subject. As a non-limiting example, an acute PGE2
regimen can comprise a series of indermittent {e.g., daily) doses of PGEZ over a desired
period of fime {e.g., over the course of 2, 3, 4, 5, 6, or 7 davs). Admnistration of the
population of isolated muscle cells can include injecting or transplanting the cells into the

subject. The compound and the popelation of isolated muscle cells can be administered to
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the subiect concomitantly. Optionally, the compound and the population of isolated muscle

cells can be administered to the subject sequentially.

[0872} In some embodiments, the subject is suspected of having or at risk for developing
the condition or disease associated with muscle damage, injury, or atrophy. In some ¢ases,
the condition or discasc associated with muscle damage, injury or atrophy 18 selected from
the group consisting of acute muscle mjury or trauma, soft tissue hand mjury, Duchenne
muscular dystrophy (DMD), Becker muscular dystrophy, limb girdle mascular dvstrophy,
amyotrophic lateral sclerosis (ALS), distal muscular dystrophy (BD), inherited myopathies,
myotonic muscular dystrophy (MDD}, outochondnal myopathies, myotubular myvopathy
(MM}, myasthenia gravis (M), congestive heart faitlure, periodic paralysis, polyvmyositis,
rhabdomyvolvsis, dermatomyositis, cancer cachexia, AIDS cachexia, cardiac cachexia, stress

induced urinary incontinence, and sarcopenia.
A, Methods for Stimulating the Proliferation or Engrafiment of Musde Cells

[6673] Provided herein are in vifro or ex vivo methods for stimulating or promoting the
proliferation and/or engrafiment of isolated muscle cells. The methods mclude culturing or
contacting a population of isolated muscle cells with prostaglandin E2 (PGE2), a PGE2
prodrug, a PGE?2 receptor agonist, a compound that attenuates PGE2 catabolism, a compound
that neutralizes PGE2 inhibition, a dervative thereof, an analog thereof, or a combmnation
thereof. The compound can be added to any culture media used to maintain or propagate the

cells.

{0874} The compound can be any small molecule, prodrug, bislogical product, and the like
that can mimic, activate, or stimulate PGE? signaling. In some cases, the compound s PGE2
(i.e., dinoprostonc}), a synthetic PGE2 denvative {e.g.. 16,16-dimethyl prostaglandin £2:
dmPGE2), a synthetic PGE2 analog, a synthetic PGE2 variant, or a muscle-specific PGE2
variant. In other cases, the compound 1s a PGE2 prodrug such as a prodrug of PGE2 that can
he metabolized into a pharmmacologicallv active PGEZ drug when exposed to muscle cells or
i close proxinmuty to muscle cells. In vet other cases, the compound can be an agonist of any
one of the PGE2 receptors meluding PGE2 receptor 1, PGE2 receptor 2, PGE2 receptor 3,
and PGE? receptor 4. The agonist can specifically bind to or activate ong or morg PGE2
receptors. in some cases, the compound can be a compound that attenuates, impedes, inhibits
or decreases POEZ catabolism such as a compound or neutralizing (blocking} antibody that

mactivates or blocks an enzyme that degrades or metabolizes PGE2, eg, 15-
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hyvdroxyprostaglandin dehvdrogenase (153-PGDBH).  In other cases, the compound blocks,

hinders or opposes whibition of PGEZ and/or PGEZ syathesis, activity, and/or seoretion.

16073] In some cmbodiments, the compounds described herein can trigger proliferation of
muscle celis ncluding quicscent muscle celis. The population of isolated muscle cells can be
a pure or substantially purc population of muscle cells such that at least about 90% of the
muscle cells are a single type of muscle cell. In other embodiments, the population 15 a
mixture of mascle cells wherein less than about 909% of the cells are of one type of cell. In
some instances, the muscle cells include skeletal muscle cells, smooth muscle cells, and/or
cardiac muscle cells harvested from a subject. In other instances, the muscle cells arc
generated or differentiated from embrvonic stem cells, e g, human embryonic stem cells or
induced pluripotent stem cells, ez, human induced pluripotent stem cells.  In vet other
mstances, the muscle cells are dedifferentiated muscle cells. In some emboduments, the
population of isolated muscle cells comprises muscle stem cells, satelhite cells, mvocytes,
myoblasts, myotubes, myofibers, or a combination thercof. For instance, the isolated muacle
cells can be a pure or substantially pure population of muscle stem cells. Alternatively, the
isolated muscle cells can be a pure or substantially pure population of satellite cells. In other
mstances, the isolated muscle cells can a heterogeneous mixture of muscle stem cells,
satellite cells, myocytes, myoblasts, myotubes, myofibers, or any combination thergof.  As

such, the mixture can include muscle stem cells and satellite cells, and optionally, myocvtes.

36761 In some embodiments, the muscle cells or the induced pluripotent stem cells are
derived from a subject with a condition or disease associated with muscle damage, injury, or
atrophy. o some embodiments, the condition or discase associated with muscle damage,
mjary, or atrophy s acute muscle mjury, tear or trauma, soft tissue hand inpury, Duchenne
muscular dystrophy (DMD), Becker muscular dystrophy, himb girdle muscular dystrophy,
amyotrophic lateral sclerosis {ALS), distal muscular dystrophy (B35}, inherited mvopathics,
myotonic muscular dystrophy (MDD), mitochondral myopathies, myotubular myopathy
(MM), myasthenia gravis (M), congestive heart fatlure, periodic paralysis, polymyositis,
rhabdomyolysis, dermatomyvositis, cancer cachexia, AIDS cachexia, cardiac cachexia, stress

mduced urinary meontinence, sarcopenia or any combination thereof.

(6877} In particelar embodiments, ex vivo methods for promoting muscle cell engraftment
i a subject are provided. The methods include culturing or contacting a population of

isolated muscle cells with an effective amount of a compound selected from the group
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consisting of prostaglandin E2 (PGE2), a PGE2 prodrug, a PGE2Z receptor agonist, a
compound that attenuates PGE? catabolism, a compound that neatralizes PGE?2 inhibition, a
derivative thercof, an analog thercof, and a combination thereof, to promote cngraftment of
the muscle cells in the subject. The methods also include administering the cultured or
contacted muscle cells to the subject. In some instances, the population of isolated muscle
cells is autologous to the subject. In other instances, the population of isolated muscle cells s
allogencic to the subject. In some embodiments, the subject is a human. In some
embodiments, the subject has a condition or disease associated with muscle damage, injury,
or atrophy. In some embodiments, the methods further include administenng to the subject a
therapeutically effective amount of a compound sclected from the group consisting of
prostaglandin E2 (PGE2)Y, a PGE2 prodrug, a PGEZ receptor agonist, a compound that
attenuates PGE2 catabolism, a compound that neutralizes PGE2 mhibition, a derivative
thereof, an analog thereof, and a combination thereof, and a pharmaceutically acceptable
carricr. The subject can be administered the compound before, stimultancously with, and/or
after the cultured or contacted muscle cells are administered to the subject. In some
mstances, the population of isolated muscle cells 1s cultured or contacted with the same
compound that is administered to the subject. In other instances, the population of sclated
muscle cells 1s cultured or contacted with a compound that is different from the compound

administered to the subject.

[3878] The muscle cells can be obtained from any muscle of the body ncluding, but not
limited to, musculi pectoralis complex, latissimus dorsi, teres major and subscapularis,
brachioradialis, biceps, brachialis, pronator quadratus, pronator teres, flexor carpi radialis,
flexor carpi ulnans, flexor digitorum superficialis, flexor digitorum profundus, flexor pollicis
brevis, opponens pollicis, adductor pollicis, flesor pollicis brevis, ihiopsocas, psoas, rectus
abdonuinis, rectus femoris, glutens maximus, gluteus medius, medial  hamstrings,
gastrocnenyus, lateral hamsinng, quadriceps mechanism, adductor longus, adductor brevis,
adductor magnus, gastrocnemius medial, gastrocnemius lateral, soleus, tibialis posterior,
tibialis anterior, flexor digitorum longus, flexor digitorum brevis, flexor hallucis longus,
extensor hallucis longus, hand muscles, arm muscles, foot muscles, leg muscles, chest
muscles, stomach muscles, back muscles, buttock muscles, shoulder muscles, bead and neck

muscles, and the bike.

{6879} In some embodiments, the muscle cells are obtained from a particular muscle,

expanded according to the method disclosed herein, and then transplanted back to the same
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muscle, or alternatively, transplanted to a different muscle. In some cases, the source of the
muscle cells and the transplantation site is the same muscle of a subject. In cther cases, the
source of the muscle cells and the transplantation site are different muscles of a subject. In
other cases, the source of the muscle cclls and the transplantation site is the same type of
muscle from different subjects. In vet other cases, the soarce of the muscle cells and the

transplantation site are different types of muscle from different subjects.

{3680} The compounds disclosed herein can be cultured with isolated muscle cells acutely,
mtermitiently or continvously. In some embodiments, the compound is exposed to the cells
i a single dose for a duration of time. In other embodiments, the compound is exposed to
the cells in at least two or more doses such that a period of time, e.g., a day, two days, a week
or moie. passes between dosings. In some embodiments, the compound is chronically or
continuously exposed to the cells, e.g., without a change in the compound concentration or in

the etfect on the cells, over a duration of time,

B Methods for Regenerating Damaged Muscle Cells in a Sabject

{0681} The methods provided herein can be used to regenerate or rejuvenate mauscle in a
subject, such as a human subject. Regeneration of muscle includes forming new muscle
fibers from muscle stem celis, satellite cells, muscle progenitor cells, and any combination
thereof. The methods are also useful for enhancing or augment muscle repair and/or

maintenance.

[6682] The PGE2 compounds of the present invention can be administered to a subject
experiencing muscle degeneration or atrophy. Muscle atrophy can include loss of muscle
mass and/or strength. It can affect any muscle of a subject. In some cases, the subject in
need of the compositions, methods, and kits provided herein 18 exhibiting or experiencing

muscle loss due to, e.g., age, inactivity, injury, disease, and any combination thereof.

I6083] In some cmbodiments, compounds can activatc muscic cell proliferation,
ditferentiation, and/or fusion of muscle cells. In some cases, the muscle tissue 15 regenerated.
In other cases, muscle function {(e.g, muscle mass, muscle strength, and/or muscle
contraction) is restored or enhanced. In some cases, muscle weakoess and atrophy are

ameliorated.

10684} The damaged muscle ¢can be any musele of the body, including but not limited to,

muscult pectoralis complex, latissimus dorsi, teres major and subscapularis, brachioradialis,

[N
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biceps, brachialis, pronator guadratus, pronator tercs, flexor carpt radialis, flexor carpt
ulnaris, flexor digitorum superficialis, flexor digitorum profundus, flexor pollicis brevis,
opponens pollicis, adductor pollicis, flexor pollicis brevis, iliopsoas, psoas, rectus abdominis,
rectus femoris, ghiteus maximus, gluteus medius, medial hamstrings, gastrocnemius, lateral
hamstring, quadriceps mechanmism, adductor longus, adductor brevis, adductor magnus,
gastrocnermius medial, gastrocnemius lateral, soleus, tibialis posterior, tibialis anterior, flexor
digitorum longus, flexor digitorum brevis, flexor hallucis longus, extensor hallucis longus,
hand muscles, arm muscles, foot museles, leg muscles, chest muscles, stomach muscles, back
muscles, buttock muscles, shoulder muscles, head and neck muscles, facial muscles,

oculopharyngeal muscles, and the like.

[B885] Subjects in need of muscle regeneration may have musculoskeletal injuries {e.g.,
fractures, strains, sprains, acute injurics, overuse injurics, and the like), post-trauma damages
to limbs or face, athletic mjuries, post-fractures in the aged, soft tissue hand injuries, muscle
atrophy {e.g., loss of musecle mass), Duchenne muscular dystrophy (BMD), Becker muscular
dystrophv, Fukuyama congenital muscular dystrophy (FCMD), limb-girdle muscular
dystrophy (LGMD), congenital muscular dvstrophy, facioscapulohumeral muscular
dystrophy (FHMD), myotonic muscular dystrophy, oculopharyngeal muscular dystrophy,
distal muoscular dystrophy, Emery-Dreifuss muscular dystrophy, myotonia congenita,
myotonic dystrophy, other muscular dystrophics, muscle wasting discase, such as cachexia
due to cancer, end stage renal disease (ESRD), acquired immune deficiency syndrome
(AIDS), or chronic obstructive pulmonary discase (COPD), post-surgical muscle weakness,
post-traumatic muscle weakness, sarcopenia, inactivity {e. g, muscle disuse or immobility},
urcthral sphincter deficiency, urethral sphincter deficiency, neuromuscular disease, and the

hke.

[G086] Non-luntting examples of neuromuscular discases include, but arc not Iimuted to,
acid maltase deficiency, amvotrophic lateral sclerosis, Andersen-Tawil syndrome, Becker
muscular dystrophy, Becker myotonia congenita, Bethlem myopathy, bulbospinal muscular
atrophy, carnitine deficiency, camitine palmityl transferase deficiency, central core disease,
centromuclear myopathy, Charcot-Marie-Tooth disease, congenital muscular dystrophy,
congenital myasthenic syndromes, congenital myotomc dystrophy, Con disease, Debrancher
enzyme deficiency, Dejerine-Sottas disease, dermatomyositis, distal mascular dystrophy,
Duchenne muscular dystrophyv, dystrophia myvotonica, Emery-Dreifuss muscular dystrophy,

endocrine myopathies, Eulenberg discase, facioscapulobumeral muscular dystrophy, tibial
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distal myopathy, Friedreich™s ataxia, Fokuyuma congenital muscular dystrophy, glveogenosis
type 10, glycogenosis type 11, glyvcogenosis type 2, glveogenosis type 3, glycogenosis type 3,
glycogenosis type 7. glycogenosis type 9, Gowers-Laing distal myvopathy, hereditary
mclusion-body myositis, hyperthyroid myopathy, hypothyroid myvopathy, mclusion-body
myositis, inherited myopathies, integnn-deficient congenital muscular dystrophy, spinal-
bulbar muscular atrophy, spinal muscular atrophy, lactate dehydrogenase deficiency,

Lamberi-Eaton mvasthenic  syodrome, McArdel

discase, merosin-deficient congenital
muscular dystrophy, metabolic discases of musele, mitochondrial myopathy, Miyoshu distal
myopathy, motor neuron disease, muscle-eye-brain disease, myasthenia gravis, mycadenvlate
deaminase deficicncy, myofibrillar myopathy, mvophosphorviase deficiency, myotonia
congenital, myvotonic muscular dystrophy, myotubular myvopathy, nemaline mvopathy,
Monaka distal myopathy, oculopharyvngeal muscular dystrophy, paramyotonia congenital,
Pearson syndrome, periodic paralysis, phosphofructokinase deficiency, phosphoglyeerate
kinase deficiency, phosphoglveerate mutase deficiency, phosphorviase  deficiency,
polymyositis, Pompe disease, progressive extemnal ophthalmoplegia, spinal muscular atrophy,
Ullrich congenital muscular dystrophy, Welander distal myopathy, ZASP-related myopathy,
and the like.

(06877 Muscle atrophy {e.g2., muscle wasting) can be caused by or associated with, for
example, normal aging {e.g., sarcopenia}, genctic abnormalitics {e.g., mutations or single
nucleotide polymorphisms), poor nounshment, poor circulation, loss of hormonal support,
disuse of the muscle due to lack of exercise {e.g., bedrest, immobilization of a limb 1 a cast,
efc.), aging, damage to the nerve innervating the muscle, poliomyelitis, amyotrophic lateral
sclerosis (ALS or Lou Gehrig's discasce), heart failure, liver discase, diabetes, obesity,
metabolic syndrome, demyelinating diseases {e.g., multiple sclerosis, Charcot-Marie-Tooth
disease, Pelizacus-Merzbacher  disease,  encephalomyelitis,  neuromyelitis  optica,
adrenoloukodystrophy, and Guillian-Barre syndrome}, dencrvation, fatigue, exercise-induced

muscle fatigue, frailty, neuromuscular discase, weakness, chronic pain, and the hike.

10688}  In some aspects, provided herein are methods for regenerating muscle in a subject in
need thereof by administering to the subject a therapeutically effective amount of a
compound selected from the group consisting of prostaglandin E2 (PGE2), a PGEZ prodrug,
a PGEZ receptor agonist, a compound that attenuvates PGE2 catabolism, a compound that
neutralizes PGEZ inhibition, a denvative thereof, an analog thereof, and a combination

thereof, and a phammaceutically acceptable carrier, to increase the population of muscle cells
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and/or to enhance muscle function in the subject. The population of muscle cells n the
subject can include ckeletal muscle cells, smooth muascle cells, cardiac musele cells,
embryonic stem cell-derived muscle cells, induced pluripotent stem cell-denived muscle cells,
dedifferentiated muscle cells, or any combinations thereof. Additionally, the muscle cells in
the subject can be muscle stem cells, satellite cells, myocvtes, myoblasts, myotubes,
myofibers, or any combination thereof The compound can be administered to the subject by
oral, intraperitoneal, intramuscular, intra-arierial, intradermal, subcutancous, mtravenous, or
mtracardiac administration. In some cases, the compound is administered directly to the
dysfunctional, injured, damaged and/or atrophied muscle.  The compound can be
admunistered in accordance with an acute reguen {e.g. single or intermittent dosing) or a

chronic regimen (e.g, continuous dosing).

50

[B689] In some embodiments, the subject is also administered a population of 1solated (or
isolated and purified) muscle cells that are either autologous or allogencic to the subject. The
cells can be isolated and/or purified by any method known to those of skill in the art. The

cells can be a homogenocus or heterogeneous population of muscle cells.

{0898} In some embodiments, the cells are stimulated to proliferate by culturing the cells
with the PGE2 compound prior to administering them to the subject. The cells can be
acutely, interoittently or continucusly exposed to the compound during 77 virro culturing. In
some cases, the population of muscle cells increases by at least about 1%, at least about 5%,
at least about 10%, at least about 15%, at least about 20%. at least about 25%, at least about
30%, at least about 35%, at least about 40%, at least about 45%. at least about 50%, at least
about 60%, at lcast about 70%, at least about 80%, at least about 90%, at least about 100%, at
least about 200%, at least about 560%, at least about 1000%, or more after culturing with the

PGE2 compound.

[3891] To regenerate or repair muscle m the subject, the compound of the present invention
and the isclated mauscle cells are administered to the subject concomitantly. In some
embodiments, the compound and the cultured muscle cells are administered to the subject
concomitantly. In other embodiments, the compound and the isolated muscle cells are
administered to the subject sequentially. In vet other embodiments, the compound and the

cultured muscle cells are administered to the subject sequentially.

{36921 The methods described herein can be used to increase the number of muscle fibers

by at least about 1%, at least about 5%, at least about 109, at least about 13%, at least about
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20%, at least about 23%, at least about 30%, at least about 35%, at least about 40%, at least
about 45%, at least about 50%, at least about 60%, at least about 70%, at least about 80%, at
feast about 90%, at least about 100%, at least about 200%, at least about 300%, at least about
1000%, or more. In some embodiments, the methods can increase the growth of a damaged,

mjured, atrophied, or degenerated muscle.

C. Methods for Preventing or Treating a Condition or Disease Affecting

Muscle

[6693] The methods provided herein can be used to prevent or treat a condition or disease
associated with muscle damage, injury, or atrophy 1n a subject in need thercot. The method
can provide prophylactic treatment to a subject who is hikely to experience muscle damage,
mjury or atrophy. In some embodiments, the subject can have a condition or discase with
possible secondary symptoms that affect muscle. In other embodiments, the subject has
undergone a surgical or therapeutic mtervention to treat the muscle condition or disease, and
the method disclosed here is used to prevent or indubi recurrence or relapse. In some
cmbodiments, the subject has anv one of the conditions or discases described herein that

affects muscle.

[6694] As used herein, the term “treatment” or “treating” encompasses administration of
compounds and/or cells 1 an appropnate form prior to the onset of disease symptoms and/or
after clinical manifestations, or other manifestations of the condition or disease to reduce
disease severity, halt disease progression, or ehiminate the disease. The term “prevention of”
or “preventing” a discase mncludes prolonging or delaving the onset of symptoms of the
condition or disease, preferably in a subject with increased susceptibility to the condition or

disease.

{38951 The method mncludes admimistering to the subject (i) a therapeutically effective
amount of a compound selected from the group consisting of prostaglandin E2 (PGE2), a
PGEZ prodrug, a PGE2 receptor agonist, a compound that attenuates PGEZ catabolism, a
compound that neutralizes PGE2 hibition, a denvative thereof, an analog thereof, and a
combination thereof, and a pharmaccutically acceptable carrier, and (11} a population of
isolated muscle cells, to prevent or treat the condition or discase associated with muscle

damage, injury, or atrophy. The muscle cells can be autologous or allogeneic to the subject.

10696] The compound can be admimistered orally, mtraperitoncally, intramuscularly, intra-

arterially, intradermally, subcutancously, intravenously, or by intracardiac injection. The

o
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compound can be admimistered in accordance with an acute regimen {eg, single or
mtermittent dosing} or a chronic regimen (e.g., continuous dosing). The isolated muscle cells
can be admimistered by injection or transplantation. In some embodiments, the compound
and the cells are admamistered together or concomitantly. In other embodiments, the
compound and the cells are administered sequentially.  In some cases, the compound is

administered before the cells. In other cases, the cells are administered before the compound.

{36977 The isolated muscle cells can be substantially punfied or purified prior to injection
or transplantation into the subject. The cells can also be expanded or stimudated to proliferate
m culture prior to admimistration. As described herein, isolated muscle cells including
skeletal muscle cells, smooth muscie cells, cardiac muscle cells, embrvonic stem cell-derived
muscle cells, induced plaripotent stem cell-derived muscle cells, dedifferentiated muscle
cells, muscle stem cells, satcllite cells, myoblasts, myocvtes, myotubes, myofibers, and any
combination thereof can be cultured with the compounds of the present invention. By
exposing the compound to the cells acutely, intermittently or continuously, the muscle cells
prohiferate and increase in number. The expanded cells can be transplanted into a subject

experiencing muscle damage, injury or atrophy.
B. Prostaglandin E2 (PGE2Z) Compounds

[3898] In some embodiments, the compound of the present invention is selected from the
group consisting of PGE2Z, a PGE? prodrug, a PGE2 receptor agonist, a compound that
attenuates PGE2 catabolism, a compound that newutralizes PGEZ inhibition, a derivative
thereof, an analog thercof, and a combination thercof. In some cases. a compound that
attenuates PGEZ catabolism can be a compound, a neutralizing peptide, or a neutralizing
antibody that mactivates or blocks 15-hydroxyprostaglandin dehvdrogenase {(15-PGDH) or
mactivates or blocks a prostaglandin transporter, which transports PGE2 inside cells for
catabolism by 15-PGDH. The prostaglandin transporter 1s also known as 2310021C19Rik,
MATRI, Matnn F/), OATP2A1, PGT, PHOARZ, SLC21A2, solute carrier organic anion

transporter family member 2A1, and SLCOZA L

{08997 The PGE2 receptor agonist can be a small molecule compound, an activating
antibody that specifically binds to a PGEZ receptor, and the like. In some embodiments, the
compound is a PGEZ derivative or analog. In some embodiments, the compound is a PGE2Z

prodrug. A prodrug of PGE2 can be metabolized into a pharmacologically active PGE2 drug,
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for example, at the site of admimistration or muscle regeneration, or when the prodrug 1s

gxposed to muscle cells.

(0108} In particelar embodiments, the compound is a PGE2 denvative or analog that
containg one or more modifications to PGEZ2 that increase itg stability, activity, resistance to
degradation, transport into muscle cells {e.g., promote cellular uptake), and/or retention n

muscle cells {e.g., reduce secretion from muscle cells afier uptake).

[0161]  Without limitation, examples of PGE?2 dernivatives and analogs include 2,2-difluoro-
16-phenoxy-PGEZ compounds, 2-decarboxv-2-hydroxymethyl-16-fluoro-PGE2 compounds,
2-decarboxy-2-hydroxymethyl-11-deoxy-PGE2 compounds, 19(R}-hvdroxy PGE2, 16,16-
dimethyl PGEZ, 16,16-dimethyl PGE2 p-{p-acetamidobenzamido) phenyi ester, 11-deoxy-
16,16~dimethyl PGEZ, 9-deoxy-9-methylene-16,16-dimethvl PGE2, 9-deoxy-9-methviene
PGE2, butaprost, sulprostone, enprostil, PGE? senmol anude, POGE2 methyl ester, 16-phenyl
tetranor  PGE2, S-trans-PGE2,  15(8)-15-methyl PGE2, and 15(R)-13-methyl PGE2.
Additional PGE?2 denivatives and analogs are set forth, e.g, in U.S. Patent No. 5,409,911,

(0102} Addibonal non-limiting examples of PGE2 derivatives and analogs mmchide
hydantoin derivatives of PGEZ, the more stable PGE2 analogs described 1n Zhao er al
(Bioorganic & Medicinal Chemistry Lerters, 17:6572-5 (2007)) in which the hvdroxy
cvelopentanone ning s replaced by heterocyclic rings and the unsaturated alpha-alkenyl chain
is substituted with a phenethvl chain, the PGE2 analogs described w Ungrin ef af. (Mol
Pharmacol., 59:1446-56 (2001}), the 13-dchydro derivatives of PGEZ described 1n Tananu er
al. {(Bicorg. Med. Chem. Lett., 8:1307-10 {1998)), and the substituted cvclopentanes
described in U5, Patent Nos. 8,546,603 and 8,158,676,

[3103] In some embodiments, the compound is an agonist of a PGEZ receptor, e.g., EP1
receptor, EP2 receptor, EP3 receptor, and EP4 receptor. Non-limiting examples of PGE2
receptor agonists include ONO-DI-004, ONO-AEL-259, ONO-AE-248, ONO-AEL$-329,
ONG-4819CD (Ono Pharmaceutical Co., Japan), L-902688 (Cayman Chemical), CAY 10598
{(Cayman Chemical), and CP-333536 (Pfizer). Additional PGEZ2 receptor agonisis are
described, e.g., in US. Patent Nos. 6,410,591; 6,610,719; 6,747,037, 7,696,235, 7,662,839,
7,652,063, 7622,475; and 7.608,637.
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E. Isolated Bluscle Cells

[0104] Muscle (myogenic) cells of the present invention include, but are not himited to,
muscle stem cells, skeletal muscle stem cells, smooth muscle stem cells, cardiac muscle stem
cells, muscle satellite cells, myogenic precursor cells, myogenic cells, myocytes, myoblasts,
myotubes, postmitotic myotubes, multinucleated myofibers, and postmitotic muscle fibers.
In some embodiments, the isolated muscle cells encompass muscle stem ceils.  In other
embodiments, the 1solated muscle cells include muscle satelliic cells. The muscle cells can
be derived from a stem cell such as a bone marrow-derived stem cell, or a plaripotent stem
cell such as an cmbrvonic stern cell or an induced plurnipotent stem ccll.  fn some
embodiments, the isolated muscle cells include dedifferentiated muuscle cells.  In other
embodiments, the muscle cells have been genetically modified to, in some cases, correct

diseasc-associated gene mutations.

13105] Satellite cells are small mononuclear progenitor cells that can reside within muscle
tissue. These cells can be induced to proliferate and differentiate into muscle cells, and m
some mstances, fuse to muscle fibers. Dunng muscle damage or mjury, quicscent satellite
cells {e.g., satellite cells that are not differentiating or undergoing cell division at present) and
muscle stem cells can be activated to proliferate, and/or mugrate out of the muscle stem cell
niche. The sateliite cells and muscle stem cells can also differentiate into myocyies,

myoblasts, or other muscle cell types.

16106] Methods and protocols for generating muscle cells from embryonic stem cells are
described, e.g., m Hwang ef of, PLoN One, 2013, 8(8):¢72023; and Darahi ef of., Cell Stem
Cell, 2012, 106(5):610-9. Methods and protocols for generating muscle cells from induced
pluripotent stem cells are described, e.g., 10 Darabi ef al |, Celf Stem Cell, 2012, 10(53:610-9;
Tan et af ., PLoS One, 2011; and Mizuno eral., FASER J., 2010, 24(7y.2245-2253.

(3107} In some embodiments, muscle cells are obtained by biopsy from a muscle such as a
mature or adult muscle, e.g., quadriceps, glutcus maximus, bicep, tricep, or anv muscle from
an mdividual. The muscle can be a skeletal muscle, smooth muscle, or cardiac muscle.
Detailed descriptions of methods of 1solating smooth muscle stem cells can be found, e.g., 1n
U8 8.747.838, and U.S. Patent App. Publ. No. 20070224167, Methods of isolating muscle
cells of interest such as muscle stem cells or satellite cells from muscle tissue are described n

detail, for example, in Blanco-Bose et ol , Fxp. Cell Res., 2001, 26592:212-220.

No
el



(]

[V,
(]

WO 2017/152044 PCT/US2017/020650

{3108} Meothods for purifving a population of muscle cells of interest, e.g.. muscle stem
cells, muscle satellite cells, myvocytes, myoblasts, myotubes, and/or myofibers include
selecting, isolating or enriching for a ccll having a specific cell surface marker or a specific
polypeptide that is expressed on the cell surface of the muscle cell of interest. Usetul cell
surface markers are described m, e g, Fukada er af,, Front. Physiol, 2013, 4317 Cell
sorting methods such as flow cytometry, e. g, fluorescence-activated cell sorting (FACS),
magnetic bead cell separation, e.g., magoctic-activaied cell sorting (MACS), and other
antibody-based cell sorting methods can be performed to 1solate or separate the muscle cells

of mnterest from other cell types.

[6109] The isolated population of muscle cells of mterest can be expanded or multiphied
using couventional culture-based methods. Methods for culture muscle cells are found m,
e.g., US. Patent No. 5,324,656, In some cases, the cells are cultured on a scaffold or gel such

as a hydrogel.
F. Methods of Adminisiration

[0118] The compounds of the present invention can be administered locally at or near a site
of mjury in the subject or systemically. In some cmbodiments, the compounds can be

administered, for example, intraperitoncally, imtramuscularly, intra-arterially, orally,
intravenously, mitracranially, intrathecally, intraspinally, mtralesionally, intranasally,
subcutancously, imtracerebroventricularly, topically, and/or by inhalation. The compound
may be administered simultancously or sequentially with the muscle cells of mterest. When
the compound is administered simultancously with the cells, both the compound and celis can
be administered in the same composition. When adounistered separately, the compound can
be provided 1n a pharmaceutically acceptable carrier. In some embodiments, the compound

15 administered before or after the administration of the cells.

{3111} In some embodiments, the compound i1s admmistered in accordance with an acute
regimen. In certain instances, the compound is administered to the subject once. In other
mstances, the compound 18 adminmistered at one time point, and admimsiered agamn at a
second time point.  In vet other instances, the compound is admunistered to the subject
repeatedly (e.g.. onee or twice daily} as intermittent doses over a short period of time {e.g., 2
days, 3 days, 4 davs, 5 days, 6 davs, a week, 2 weeks, 3 weeks, 4 weeks, a month, or more).
In some cases, the time between compound admimstrations is about | day, 2 days, 3 davs, 4

~

days, 5 days, 6 davs, a week, 2 wecks, 3 weeks, 4 weeks, a month, or more. In other
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embodiments, the compound is administered continuously or chronically tn accordance with
a chronic regimen over a desired period of time. For mstance, the compound can be
admunistered such that the amount or level of the compound is substantially constant over a

selected time period.

[G112] Administeation of the isolated muscle celis into a subject can be accomplished by
methods generally used m the art. In some embodiments, admimstration is by transplantation
or injection such as intramuscular injection. The number of cells introduced will take into
consideration factors such as sex, age, weight, the types of disease or disorder, stage of the
disorder, the percentage of the desired celis in the cell population (e.g, punity of cell
population), and the cell number needed to produce the desired result. Generally, for
administering the cells for therapeutic purposes, the cells are given at a phamacologically
cffective dose. By “pharmacologically effective amount” or “pharmacologically cffective
dose™ 1s an amount sufficient to produce the desired phvsiological effect or amount capable
of achieving the desired result, particularly for treating the condition or disease, including
reducing or climinating one or more symptoms or mamfestations of the condition or discase.
Pharmacologically effective doses will also apply to therapeutic compounds used n

combination with the cells, as described herem.

[6113] Cells can be adnunistered in one injection, or through successive injections over a
defined time period sufficient to generate a therapeutic offect.  Ditferent populations of
muscle cells may be injected when treatment mvolves successive ipjections. A
pharmaccutically acceptable carrier, as further described below, may be used for injection of
the cells into the subject. These will typically comprise, for example, buffered saline (e.g.,
phosphate buffered saline) or unsupplemented basal cell colture medium, or medium as

known in the art.

[3114]  Anyv number of muscies of the body may be directly mjected with the compound
and/or cells of the present tnvention, such as, for example, the biceps muscle; the tniceps
muscle; the brachioradialus muscle; the brachialis muscle (brachialis anticus); the superficial
compartment wrist flexors; the deltoid mmscle; the biceps femons, the gracilis, the
semitendinosus and the semimembranosus muscles of the hamstrings; the rectus femoris,
vastus lateralis, vastus medialis and vastus intermedius muscles of the quadnceps; the
gastrocnenuus {lateral and medial), ubialis anterior, and the scleus muscles of the calves; the

pectoralis major and the pectoralis minor muscles of the chest; the latissimus dorst muscle of
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the upper back; the rhomboids (major and minor); the trapezius muscles that span the neck,
shoulders and back; the rectus abdominis muscles of the abdomen; and the gluteus maximus,

gluteus medius and gluteus minimus muscles of the buttocks.
G. Pharmaceustical Compositions

[3115] The pharmaceutical compositions of the compounds and cells of the present
mvention may comprise a pharmaccutically acceptable camier.  In certaimm  aspects,
pharmaceutically acceptable carriers are determined in part by the particular composition
heing administered, as well as by the particular method used to administer the composition.
Accordingly, there is a wide variety of suitable formuulations of pharmacestical compositions
of the present invention {see, e.g., REMINGTON'S PHARMACEUTICAL SCrenCes, 181a Ep | Mack

Publishing Co., Easton, PA (1990)).

[3116]  Ag used herein, “pharmaceutically acceptable carner” comprises any of standard
pharmmaceutically accepted carriers known to those of ordimary skill in the art i formulating
pharmaceutical compositions. Thus, the cells or compounds, by themselves, such as beng
present as pharmaceutically  acceptable salts, or as comjugates, may be prepared as
formulations in pharmaceutically acceptable diluents; for example, saline, phosphate buffer
saline {(PB5), aqueous cthanol, or solutions of glucose, mannitol, dextran, propvlene glycol,
oils {e.g., vegetable oils, animal oils, synthetic oils, erc), microcrystalline cellulose,
carboxymethyl cellulose, hydroxylpropyl methyl cellulose, magnesium stearate, calcium
phosphate, gelatin, polysorbate 80 or the like, or as sohid formulations in appropriaie

cxcipients.

{6317} The phamaceutical compositions will often further comprise one or more buffers
{e.g., ncutral buffercd saline or phosphate buffered saline), carbohydrates (e.g., glucose,
mannose, sucrose or dextrans), mannitol, proteins, polypeptides or amino acids such as
glycing, antioxidanis (e.g., ascorbic acid, sodium metabisulfite, butviated hvdroxytoluene,
butylated hydroxyanisole, efc ), bacteriostats, chelating agents such as EDTA or glutathione,
solutes that render the formulation isotonic, hyvpotonic or weaklv hypertonic with the blood of
a recipient, suspending agents, thickening agents, preservatives, flavoring agents, sweetening
agents, and coloring compounds as appropriate.

[3118] The pharmaceutical compositions of the invention are administered in a manner

compatible with the dosage formudation, and in such amount as will be therapeutically

cffective. The quantity to be administered depends on a varniety of factors including, e.g.. the
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age, body weight, physical activity, and diet of the individual, the condition or disease to be
treated, and the stage or severity of the condition or discase. In certain embodiments, the size
of the dose may also be determined by the existence, nature, and extent of any adverse side

cffects that accompany the administration of a therapeutic agent(s) 1 a particular individual,

[G119) It will be understood, however, that the specific dose level and frequency of dosage
for any particular patient may be varied and will depend upon a vanety of factors including
the activity of the specific compound emploved, the metabolic stability and Iength of action
of that compound, the age, body weight, hereditary characteristics, general health, sex, diet,
mode and time of administration, rate of excretion, drug combination, the severity of the

particular condition, and the host undergoing therapy.

3126  In certain embodiments, the dose of the compound may take the form of solid, semi-
solid, lyvophilized powder, or hiquid dosage forms, such as, for example, tablets, pills, peliets,
capsules, powders, solutions, suspensions, emulsions, suppositorigs, retention cnemas,
creams, ointments, lotions, gels, acrosols, foams, or the hike, preferably in onit dosage forms

suitable for simple administration of precise dosages.

(6121} As used hercin, the term “unit dosage form” refers to physically discrete units
suitable as unitary dosages for humans and other mammals, cach unit containing a
predetermined quantity of a therapeutic agent calculated to produce the desived onset,
tolerability, and/or therapewtic effocts, in association with a suitable pharmaccutical excipient
{e.z., an ampoule). In addition, more concentrated dosage forms may be prepared, from
which the more dilute unit dosage forms may then be produced. The more concentrated
7,8,9, 10,

dosage forms thus will contain substantially more than, e g, atleast 1,2, 3, 4, 5, 6,

or more times the amount of the therapeutic compound.

[3122] Methods for preparing such dosage forms are known to those skilled in the art {see,

-

e.g., REMINGTON'S PHARMACEUTICAL SCIENCES, supray. The dosage forms typically include a
conventional pharmacecutical carnier or excipient and may adduionally include other
medicinal agents, carriers, adjuvants, diluents, tissue permeation enhancers, solubilizers, and
the bike. Appropnate excipients can be tailored to the particular dosage form and route of

administration by methods well known in the art (see, e.g., REMINGTON'S PHARMACEUTICAL

SCIENCES, supre).

10123} Examples of suitable excipients include, but are not limited to, lactose, dextrose,

sucrose, sorbitol, manmitol, starches, gum acacia, calcium phosphate, algmates, tragacanth,
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gelatin, caleium silicate, microcrystalline cellulose, polyvinvipyrrohidone, cellulose, water,
saline, syrup, methylceHulose, ethyicellulose, hvdroxypropyimethyleellulose, and polyvacrylic
acids such as Carbopols, e.g., Carbopol 941, Carbopol 980, Carbopol 981, efe. The dosage
forms can additionally mclude lubricating agents such as taic, magnesium stearaie, and
mineral oil; wetting agents; emulsifying agents; suspending agents; preserving agents such as
methyl-, ethyl-, and propyl-hydroxy-benzoates {(i.e., the parabens); pH adjusting agents such
as mmorganic and organic acids and bases; sweetening agents; and flavoring agents. The
dosage forms mav alse comprise biodegradable polymer beads, dextran, and cvelodextrin

mclusion complexes.

16124] For oral admimstration, the therapeutically effective dose can be in the form of
tablets, capsules, emulsions, suspensions, solutions, syrups, sprays, lozenges, powders, and
sustained-release  formulations.  Suttable cxcipients for oral adounistration include
pharmaceutical grades of mannitol, jactose, starch, magnesium stearate, sodium saccharine,

talcum, cellolose, glucose, gelatin, sucrose, magnesium carbonate, and the like.

16125] The therapeutically effective dose can also be provided in a vophilized form. Such
dosage forms may include a buffer, eg., bicarbonate, for reconstitution prior fo
administration, or the buffer mav be included 1 the lyophilized dosage form for
reconstitution with, e.g., water. The lvophilized dosage form may further comprise a suitable
vasoconstrictor, e.g., epinephrine. The lvophilized dosage form can be provided m a svringe,
optionally packaged i combmation with the buffer for reconstitution, such that the

reconstituted dosage form can be immediately administered to an mdividual.
H. Kits

[3126] Other embodiments of the compositions described herein are kits comprsing a
population of 1solated muscle cells and a compound sclected from the group consisting of
prostaglandin B2 (PGE2), a PGE2 prodrug, a PGE2 receptor agonist, a compound that
attenuates PGE2 catabolism {e.g, 15-hvdroxyprostagiandin dchyvdrogenase (13-PGDH)
inhibitor or prostaglandin transporter (PTG or SLCG2A1N) whibitor), a compound that
neutralizes PGE2 inhibition, a denvative thercof, an analog thercof, and a combination
thereof The kit typically contains contamers which may be formed from a variety of
materials such as glass or plastic, and can include for example, botties, vials, syringes, and

test tubes. A label typically accompanies the kit, and mcludes any writing or recorde
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material, which may be electronic or computer readable form providing instructions or other

mformation for use of the kit contenis.
V. Exampies

3127} The following examples are offered to tllustrate, but not to limit, the claimed

mvention.

Example 1: Acute Prostasiandin E2 delivery ausments skeletal muscle reseneration

and strenoth in ased mice,

[3128] This cxample illustrates that PGE2 signaling is reguired for muscle stem cell
function during regencration.

[0129]  The elderly suffer from progressive skeletal muscle wasting and regenerative taillure

.
1,2

that decreases mobility and quality of life™”. Crucial to muscle regeneration are adult muscle
stem cells (MuSCs) that reside in niches in muscle tissues, poised to respond to damage and
repair skeletal muscles throughout life™. During aging, the proportion of functional MuSCs
markedly decreases, hindering muscle regeneration” . To date, no therapeutic agents are in
chinical use that target MuSCs to combat this regenerative decling. Herg, we identify a natural
immuncmodilator, prostaglandino E2 {(PGE2), as a potent regulator of MuSC function
cssential to muscle regencration. We found that the PGEZ receptor, EP4, is cssential for
MuSC proliferation i vitro and engraftment i vive 1 mice. In MuSCs of aged nuce, the
PGE2 pathway 1z dysregulated due to a cell intrinsic molecular defect, elevated prostaglandin
degrading e¢nzyme (15-PGDH) that renders PGE2 inactive. This defect is overcome by
transient acute exposure of MuSCs to a stable degradation-resistant PGE2, 16,16-dimethyl
PGE2 {(dmPGE2), concomitant with MuSC transplantation mio mjured muscles. Notably, a
single mtramuscular injection of dmPGEZ alone suffices to accelerate regeneration, evident
by an ecarly increase in endogenous MuSC numbers and myofiber sizes followmg injury.
Furthermore, aged mouse muscle force generating capacity was mcreased in response to
exercise-induced regencration and an acute dmPGE2 treatment regimen. Our findings reveal
a novel therapeutic indication for PGEZ as a potent inducer of muscle regeneration and

strength.

10138} To counter the decline m muscle regenerative potential we sought therapeutic
agents that target MuSCs, also known as satellite cells, a stem cell population dedicated to

muscle regeneration” . Since a transient mflammatory and fibroadipogenic response plays a
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erucial role in muscle regeneration'™") we sought to identify inflammatory modulators
mduced by injury that could overcome the age-related decline i MuSC function. An analvsis
of our transcriptome database revealed that the Prgerd receptor for PGE2Z, a natural and
potent lipid mediator during acute inflammation'®, was expressed at high levels on freshly
isolated MuSCs. In muscle tissue lysates, we detected a surge in levels of PGE2 three days
after injury to voung (2-4 mo) mouse muscies by standard injury paradigims entailing notexin
mjection or ervoinjury (FIG. 1A and FiG, 5A), and a concomitant upregulation of its
svnthesizing enzymes, Prges and Piges? (FIG. 1B). This early and transient time window
coincides with the well-documented kinetics of MuSC expansion and inflammatory cyvtokine
accumulation post injury™>'°. To determine if PGE2 treatment enhanced MuSC behavior,
we FACS-purificd MuSCs from hindlimb muscles from young mice (2-4 mo)’ and plated
them on hydrogels of 12 kpa stiffness to maintain stem cell fanction™. We found that PGE2
{10ng/ml} mcreased cell division assayed by EDU incorporation (FIGS. 1B-1D) and that an
acute I-day exposure to PGE?2 mduced a 6-fold increase in the number of MuSCs relative to

controls one week later {(FIG. 1),

16131] PGE2 is known to signal through four G-protein coupled receptors (Prgerl-4; EPI-
43" but the expression of these receptors in MuSCs has not previously been described. An
analysis of the transcript levels of the different receptors (Prgerl-4) revealed that the only
recepiors upregulated after PGEZ treatment of MuSCs are Piger! and Prgerd (FIG, SE).
PGE2 stimulated MuSCs had elevated intracellular cAMP™ confirming that PGEZ signals
through EP4 to promote proliferation and a stem cell transcriptional state (FIGS, 5F-3H). In
the presence of an EP4 antagomist, ONG-AE3-208, proliferation induced by PGE2Z was
blunted (FiG. 1D}, However, the specificity of PGE2 for EP4 was most clearly shown
MuSCs lacking the receptor following cre-mediated conditional ablation (FIGK. 1E-1G and
FIGS. 3131} Indeed, even in the presence of growth factor-rich media, these EP4-null
MuSCs failed to proliferate. Finally, we found that MuSCs growth arrested by exposure to
medium with charcoal stripped serum’’, divided upon addition of PGEZ (FIG. 1H and FIG.
3K). Thus, PGE2/EP4 stands out as necessary and sufficient tor MuSC proliferation.

16132} We sought to determine if PGEZ could amchiorate the muscle regenerative defects
previously reported for aged MuSCs™. By contrast with voung mouse muscles (2-4 mo),
notexin damage to aged muscles (18-20 mo) did not lead to an merease i PGE2 synthesis,
Instead, steady state PGE? levels in aged muscle remained unchanged post injury (FIG., 24)

and were significantly higher than m voung limb #bialis anterior {TA) muscles (FIG. 2B).
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We hypothesized that the PGEZ in aged muscle might be dysfunctional due to a catabolic
defect. Indeed, when we analyzed the PGEZ present in young and aged TA muscle tissues by
mass spectrometry, we found that the relative amount of the inactive form, 13,14-dihydro-15-
keto PGE2 (PGEM), was significantly increased in the aged (FIGS. 2C-2D and FIGS. 6A-
6C}. This proved to be due to a concomitant 7-fold increase i levels of mRNA encoding the
PGE?Z degrading enzyme {15-PGDH), the imnitial step i the conversion of PGEZ to iis
mactive form {(FIG. 2E). In conirast, the relative levels of the prostaglandin transporter
(PGT), PGE2 synthesizing enzymes, and EP4 receptor did not differ between voung and aged
MuSCs (FIGS, 7TA-7C). Additionally, when aged MuSCs were exposed to a 1-day pulse of
PGE? or to an inlubitor of 15-PGDH (SWOQ%.’SZQI)Z?; the effects of 15-PGDH were overcome
and the characteristic mcrease m proliferation and maintenance of Pax7 expression was
observed (FIG. 2F and FIG. 7B}, Like young, aged MuSCs failed to proliferate in medinum
comprised of charcoal stripped serum, but were rescued by addition of PGE?2 alone {(FIG.
2G). We surmised that in aged MuSCs the PGEZ pathway is dysregulated due 1o a cell
iirinsic molecular defect, clevated 15-PGDH that can be surmounted m culture by acute

exposure to PGE2 or 8W (FIG, 2H).

[6133]  Since aged MuSCs are heterogeneous'™, we sought to determine the effect of PGE2
at the single cell level. Clonal analysis can reveal differences that are masked by analysis of
the population as a whole. Accordingly, we performed long-term time-lapse microscopy 1n
hvdrogel ‘microwells’ of single aged MuSCs transiently exposed to PGE2 for 1 day and
untreated control MuSCs. Bata were collected over a 48h time period and then analyzed
using our previously described Baxter Algorithms for Cell Tracking and Lincage
Reconstruction’ . We observed a romarkable increase in cumulative cell numbers in
response to PGEZ, spanning 6 gencrations for the most robust clones (FIGh. 28-2d). The
numbers of cells per clone following PGE?2 treatment were sigmficantly augmented due to a
marked increase in proliferation {(FIGS. 28-2J and FIGS, 7E-7F) that was accompanied by a
profound reduction in cell death (FI1G. 2J and FIGS. 7E-7G). These synergistic effects led to

the observed increases in aged MuSC numbers 1n response to PGEZ.

16134] To test whether trapsient treatment of voung MuSCs with PGE2 augments
regeneration, we transplanted cultured PGE2 treated MuSCs mto injured hindlimb muscles of
mice. To monitor the dynamics of regeneration over time in a quantitative manner in vivo, we

capitalized on a sensitive and quantitative biohiminescence imaging (BLI) assay we

0

,,,,,,

. . . - . . s 14 ayal
previously developed for mounitoring MuSC function post-transplantation™ ™" MuSCs were
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isolated from young transgenic mice (2-4 mo) expressing GFP and luciferase (GFP/Luc
mice), exposed to an acute l-day PGE2 treatment, harvested and transplanted on day 7.
Equivalent numbers of dmPGE2 treated and control MubUCs (250 cells) were transplanted
into mjured hindlimbs of voung (2-4 mo) NOD-SCID mice. Following acute treatment with
PGE2, voung MoSC regencrative capacity was enhanced by an order of magnitude when
assessed by BLI (FIG, 34). In contrast, following transplantation of 4-fold greater numbers
of cultured MuSCs that lacked the EP4 receptor due to conditional ablation {(FIG. 3B), the
BLI signal that was mitially detected progressively declined to levels below the threshold of

significance (FIG. 3B},

[6135] Furthermore, when notexin injury was performed in the mouse model of muscle
stem cell specific deletion of EP4 (Pax 7™ P 4™y (FIGS. 9A-9B), muscle regencration
was impaired as observed by the clevated number of embrvonic myosin heavy chain (eMHC)
positive fibers (FIGS. 9C-9B). This was accompanied by the reduction in cross-sectional
area of the mouse fibers in the Pax7 ™2 EP#" sroup, assessed at the end of the
regencration time point {day 21} (FIG. 9K). A siguificant reduction in force cutput (fetanus)
was also detected at day 14 post-injury (FIGS. 9F-9G). Thus, PGE?2 signaling via the EP4

receptor 1s required for MuSC regeneration in vivo.

{31367 To test if direct injection of PGEZ without culture could be effective in promoting
regeneration in vive, we coinjected PGE2 together with freshly isolated MubCUs. For all
subsequent in vivo injection experiments, we used a modified, more stable form of PGE2,
16,16-dimethyl PGE2 (dmPGE2)Y". We hypothesized that for the aged MuSC experiments,
the delivery of the modified 13-PGDH-resistant dePGHE2 was particularlv important, as 15-
PGDH is significantly clevated in aged MuSCs (FIG. 2E)". Using droPGE2, we observed
significantly enhanced engraftment of young and aged MuSCs relative to controls that was
further increased in rosponse to notexin injury, a well-accepted stringent test of stem cell
function (FIGS. 3C-3D). Thus, the delivery of dmPGE2 together with MuSC cell

populations suffices to angment regeneration.

{61377 We postulated that delivery of PGEZ alone could stimulate muscle regeneration. To
test this, muscles of yvoung mice were injured with cardiotoxin and three days later a bolus of
dmPGE?2 was injected into the hindlimb muscles of young mice. We observed an increage (60
+ 15%j) in endogenous PAX7-cxpressing MuSCs in the classic satellite cell niche beneath the

basal lamina and atop mvofibers fourteen days post injury {(FIGS, 4A-4B), whereas dmPGE?
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had no effect m the absence of imjury. Further, at this early time point, the distribution of
myofibers shifted toward larger sizes, assessed as cross-sectional arca using the Baxter
Algorithms for Myvofiber Analysis, suggesting that regencration s accelerated by PGE2
{(FIGS, 4C-4D and FIGK. 8A-8B). In addition, we tracked the response to mjury and
dmPGE? of endogenous MuSCs by luciferase expression using a transgenic mouse model,
Pax77 7 Rosa26-LSL-Luc (FIG. 4KE). The BLI data were in agreement with the
histological data (FIGS. 4F-4G).

10138 We tested the effects of injecting indomethacin, a nonsterowdal anti-inflanmumatory
drug (NSAID) and an mhibitor of COX2 which reduces PGE2 svnthesis, on muscle
regeneration. Upon indomethacin injection into the hindhimb muscles of the same
Pax77 N Rosa26-LSE-Luc mouse model three days post-cardiotoxin injury, we observed a
significant decrease 1 fuciferase activity indicative of an impairment in nwscle stem cell
activation and regeneration (FIGS. 16A-10B). Injection of mdomethacin into cardiotoxin-
mjured muscles also led to a signmificant loss m Twitch force as compared to the control group
assessed at day 14 postanpury (FiG, 18C) In aged mice, we also detecied a substantial
mcrease (24 = 2%;) in the number of endogenous MuSCs (FIGS, 4H-41), and a conconutant
imecrease m myofiber sizes (FIGS. 4J-4K) fourteen days post-injury after a single dmPGE2
mjection. Thus, exposure solely to dmPGE2 impacts the magnitude and time course of the

endogenous repair.

{31391 As the ultimate test, we determined if dmPGE?2 enhanced regeneration could lead to
increased muscle strength afier a natural injury induced by dowshill treadmill-running. In
this scenario, damage was caused by a datly 10 mun mun on a downhill treadmill 20 degree
decline™. During week one, aged mice in the treatment group ran for 5 days in succession
and were injected daily with dmPGE2 after exercise. Puring week two, aged mice in the
treatment group ran for 5 consccutive days but received no additional treatment (FIG. 41.).
The specific twitch and tetanic force were compared for dmPGE2 treated and untreate

gastrocnemius mouse muscles (GA)Y and both were significantly increased (FIGS. 4R-4P).
Thus, an acute exposure to dmPGE2 concurrent with exercise-induced mjury can confer a

significant increase m aged muscle strength.

(6148} We have discovered a new indication for PGEZ i skeletal muscle regeneration.
Prior studics of PGE2 effects on skeletal muscle have shown that it alters the proliferation,

. . . . .o L. 26-30
fusion, proten degradation, and differentiation of myoblasts 1 tissue culture™ . Thus, these
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studies differ from ocurs as myoblasts are progenitors that have lost stem cell function.

3-8.31

Satellite cells (MuSCs) are crucial to development and regencration™™ " and their numbers

are increased by running or other high intensity cxercise in voung and aged mice and

15,32-26 . 2o . . .
humans ™. Non-steroidal anti-imflammatory agents have been reported to attenuate the

. . . - ~ 13,32-3¢6
exercise-induced increase i MulSCs™

. Our data provide novel evidence that the
beneficial effects of the carly transient wave of mflammation that characterizes efficacious
muscle regeneration’ is duc in part to PGE2 and its recoptor EP4, which are essential and
sufficient for MuSC proliferation and engraftment. For hematopoietic, liver, and colon
tissues, delivery of the inhibitor of 15-PGDH, SW033291, was recently shown to enhance
regeneration™ . Notably, PGE2 and its analogues have safely been used in human patients for
decades, for instance to induce labor’’ and to promote hematopoictic stem cell
transplantation™ paving the way for its clinical use in restoring muscles post-injury. In
summary, our findings show that an acute PGE? regimen suffices to rapidly and robustly
enhance regeneration of excrcise-induced damage and overcome age-associated himitations

leading to increased strength.
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METHODS

Mice

[Gi141] We performed all expenments and protocols in compliance with the institutional
guidchines of Stanford Umiversity and Administrative Panel on Laboratory Amimal Carc
(APLAC). We obtamned wild-type aged CSTBL/6 (18-20 mo) mice from the US National
Institute on Aging (NIA} for aged muscle studies and voung wild-type C57BL/6 mice from
Jackson Laboratory. Double-transgenic GFP/luc mice were generated as described
proviously'. Briefly, mice expressing a firefly fuciferase (fuc) transgene under the regulation
of the ubiquitous Actb promoter were mamtaimed in the FVB strain. Mice expressing a green
fluorescent protein {GFP) transgene under the regulation of the ubiquitous UBC promoter
were maintained in the C37TBL/6 strain. We used cells from GFP/luc for allogenic

4ﬂox{ﬂ()x

transplantation experiments into NOD-SCID (Jackson Laboratory) recipient mice, £P
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(EP47y mice were a kind gift from K. Andreasson (Stanford University)’. Double-transgenic

CreEERT2 U . ~CreERT2
Pox 7 Rosa26-L8L-Luc were generated by crossing Pax7

mice obtained from
Jackson Laboratory (Stock # 017763y and Rosal6-LSL-Luc obtained from Jackson
Laboratory (Stock # 005125)". We validated these genotypes by appropriate PCR-based
strategies. All mice from transgenic strains were of young age. Young mice were 2-4 mo. of
age and aged mice were 18-20 mo of age for all strains. All mice used in these studies were

females.

Muscle stein cell isolation

[6142] We isolated and enriched muscle stem cells as previously described'™°. Briefly, a
gentle collagenase digestion and mincing by the MACs Dissociator enabled numerous single
fibers to be dissociated, followed by dispase digestion to release mononucleated cells from
their niches. Subsequently, the cell muxture was depleted for hematopoictic lincage
expressmg and non-muscle cells (CD4SYCD1IBYCD31) using a magnetic bead column
(Miltenvi} . The remaining cell mixture was then subjected to FACS analysis to sort for
MuSCs co-expressing CD34 and a7-integrin markers. We generated and analyzed flow
cviometry scatter plots using Flowlo vi0.4. For each sort, we pooled together MuSCs

{~5,000 cach) from at least three independent donor female mice.

Muscle stem cell transplantation

16143} We transplanted 250 MuSCs (Fig. 3a, 3¢ and 3d) or 1,000 MuSCs (Fig. 3b)
mmmediately following FACS isolation or after collection from cell culture directly into the
tibialis anterior (TA) muscles of recipient mice as previously described™>°. For voung MuSC
studics, we transplanted cells from GFP/luc mice (2-4 mo of age) into hindlimb-irradiated
NOD-SCID mice. For aged MuSCs studics, we transplanted cells from aged C37BL/6 mice
{18-20 mo, NIH} that were transduced with a luc-IRES-GFP lentivirus (GFP/luc virus) on
day 2 of culture for a period of 24 hr before transplantation, as previously described’ (see
below “Muscle stem cell culture, treatment and lentiviral mfection” section for details). Prior
to transplantation of muscle stem cells, we anesthetized NOD-SCID recipient mice with
ketamine (2.4 mg per mouse) by intraperitoneal igjection. We then trradiated hindlimbs with
a single 18 Gy dose, with the rest of the body shiclded in a lead jig. We performed
transplantations within 2 d of irradiation.

Cultured cells were treated as mdicated (vehicle or PGE2 treated 10ng/ml) and collected from
hvdrogel cultures by incubation with ¢.5% trypsin in PBS for 2 min at 37 °C and counted

using a hemocviometer. We resuspended cells at desired cell concentrations in 0.1%
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gelatin/PBS and then transplanted them (250 MuSCs per TA} by intramuscular injection nto
the TA muscles in a 10 gl volume. For fresh MuSCs transplantation, we coinjected sorted
cells with 13 nmol of 16,16-Dimethyvl Prostaglandin E2 (dmPGE?) {Tocris, catalog # 4027}
or vehicle control (PBS). We compared cells from different conditions by transplantation imto
the TA muscles of contralateral legs in the same mice. One month after transplant, we
injected 10 pl of notexin (10 pg mi™; Latoxan, France) to injure recipient muscles and to
activate MuSCs 77 vivo. Hight weeks after transplantation, mice were cuthanized and the TAs

were collected for analysis.

Bioluminescence imaging

[6144] We performed biolumunescence wmaging (BLI) vsing a Xenogen-100 svstem, as
previcusly described™". Briefly, we anesthetized mice using isofluorane inhalation and
administered 120 ul, D-luciferin (0.1 nunol kg™, reconstituted in PBS; Caliper LifcScicnces)
by mtraperitoneal injection. We acquired BLI using a 60s exposure at F-stop=1.0 at 5 minutes
after luciferin mjection. Digital images were recorded and analyvzed using Living Image
software (Caliper LifeSciences). We analyzed images with a consistent region-of-interest
(RO placed over cach hindlimb to calculate a bioluminescence signal. We calculated a
bioluminescence signal in radiance (ps™ em st ) value of 10° to define an engraftment
threshold. This radiance threshold of 10% is approximately equivalent to the total flux
threshold i p/s reported previocusly. This BLI threshold corresponds to the histological
detection of one or more GFP+ myofibers' ™, We performed BLI imaging every week after

transplantation.

Muscle injury

16145] We used an imjury model entatling mtramuscular injection of 10 ul of notexin (10
pg ml™'; Latoxan) or cardiotoxin (10 uM; Latoxan) into the TA muscle. For eryoinjury, an
incision was made in the skin overlying the TA muscle and a copper probe, chilled in liquud
nitrogen, was applied to the TA muscle for three 10 s intervals, allowing the muscle to thaw
between each application of the crvoprobe. When indicated, 48 hr after mpury either 16,16~
Dimethy! Prostaglandin E2 (dmPGE2) (13 nmol, Tocris, catalog # 4027) or vehicle control

(PBS) was injocted into the TA muscle. The contralateral TA was used as an imternal control,

We collected tissues 14 davs post-injury for analysis.

[0146]  For Pax77°"°; Rosa26-1SL-Luc mice experiments, we treated mice with five

consecutive daily intraperitoneal injections of tamoxifen to activate luciferase expression
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under the control of the Pax7 promoter. A week after the last tamoxifen injection, mice were
subjected to intramuscular mjection of 10 yl of cardictoxin (10 uM; Latoxan), which we
designated as day O of the assay. Three davs later cither 13 nmol dmPGEZ (13 nmol) or
vehicle control (PBS) was injected into the TA muscle. The contralateral TA was used as an

miernal control. Biohiminescence was assaved at days 3, 7, 10 and 14 post-injury.

Tissue histology

31477  We collected and prepared recipient TA muscle tissues for histology as previously
described™. We incubated transverse sections with anti-LAMININ (Millipore, clone A3,
catalog # 05-206, 1:200), and anti-PAX7 (Samta Cruz Biotechnology, catalog # sc-81648,
1:50) prmary antibodies and then with AlexaFluor secondary Antibodies (Jackson
ImmunoResearch Laboratories, 1:200). We counterstained nuclei with DAPL {(Invitrogen).
We acquired images with an AxioPlan? cpifluorcscent microscope (Carl Zeiss
Microimaging) with Plan NeoFluar 10x/0.30NA or 20</0.75NA objectives (Carl Zeiss) and
an ORCA-ER digital camera (Hamamatsu Photonics) controlled by the ShideBook (31)
software,  The images were cropped using Adobe Photoshop with consistent contrast
adjustments across all images from the same expenment. The image compositcs were
generated using Adobe Hiustrator. We analvzed the number of PAX7 positive cells using the
MetaMorph Image Analysis sofiware (Molecular Devices), and the fiber area using the
Baxter Algorithms for Myofiber Analysis that identified the fibers and scgmented the fibers
in the 1mage to analvze the area of each fiber. For PAX7 quantification we examined serial
sections spanming g depth of at least 2mm of the TA For fiber area at least 10 fickds of
LAMININ-ctained myofiber cross-sections encompassing over 400 myofibers were captured
for cach mousc as above. Data analyses were blinded. The researchers performing the
imaging acquisition and scoring were unaware of treatment condition given to sample groups

analyzed.

Hydrogel fabrication

13148] We {abricated polyethylene glyeol (PEG) hydrogels from PEG precursors,
svnthesized as described previcusly®. Briefly, we produced hydrogels by using the published
formulation to achieve 12-kPa (Young's modulus) stiffness hydrogels m 1 mm thickness
which 18 the optimal condition for culturing MuSCs and maintaiming stem cell fate
culture®. We fabricated hydrogel microwell amrays of 12-kPa for clonal proliferation
experiments, as described previcusly®. We cut and adhered all hydrogels to cover the surface

arca of 12~well or 24~well culture plates.
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Musele stem cell culture, treatment and lentiviral infection
10149} Following isolation, we resuspended MuSCs in myogenic cell culture medium
containing DMEM/F10 (30:30), 15% FBS, 2.5 ng mi™' fibroblast growth factor-2 (FGF-2 also

known as bFGF} and 1% penicillin-strepiomyvein, We seeded MuSC suspensions at a density

(]

of 500 cells per om” surface area. We maintained cell cultures at 37 °C in 5% €0 and
changed mediom daily. For PGEZ, 15-PGDH inhibiior and EP4 receptor antagomist treatment
studics, we added 1-200 ng/ml Prostaglandm E2 {(Cavman Chemical) (unless specified in the
figure legends, 10 ng/ml was the standard concentration used), and/or 1 uM EP4 antagonist
(ONO-AE3-208, Cayman Chemical), or T uM 15-PGDH mbubitor (SW033291, Cayman
10 Chemical) to the MuSCs cultured on collagen coated dishes for the first 24h. The cells were
then trvpsinized and cells reseeded onto hydrogels for an additional 6 days of culture. All
treatments were compared to their solvent (BMSO) vehicle control. For stripped serum
assayvs, we resuspended isolated MuSCs in medium containing DMEM/F10 (56:50), 15%
charcoal stripped FBS (Gibco, cat # 12676011, 2.5 ng mi™ bFGF and 1% penicillin-
15 streptomyvein. When noted i the figure, we additionally added 1.5ug/ml msulin (Sigma,
105163 and 0.25 uM dexamethasons (Sigma, D883} to sinpped serum cell medium. For
these experiments MuSCs were cultured on hydrogels and vehicle (DMSO) or 10 ng/ml
PGE2 (Cayman Chemucal) was added to the cultures with every media change (every two
davs). Proliferation (see below) was assayed 7 days later.
28 We performed all MuSC colture assays and transplantations after 1 week of culture unless
noted otherwise. For aged MuSCs transplant studies, we infocted MuSCs with fentivirus
encoding clongation factor-lg promoter—dnven luc-IRES-GFP (GFP/luc virus) for 24h m
culture as described previously”. For £P4” MuSCs studies, we isolated MuSCs as described

above (Muscle stem cell isolation), and infocted all cells with the GFP/luc virus and a subset

e
W

of them was comnfected with a lentivirus encoding pLM-CMV-R-Cre (mCherry/Cre virus) for
24h in culture. pLM-CMV-R-Cre was a gift from Michel Sadelain {Addgence plasmid #
27546 We transplanted aged MuSC (230 cells) or £P#” MuSCs (1.000 cells) into voung
(2~4 mo} 18-gy irradiated TAs of NOD-SCID recipient mice. For in vitro proliferation assays,
EP47 MuSCs were plated on hydrogels post-infection and treated for 24 hr with vehicle
30 (DMSO)} or 10 ng/mi PGE2, and proliferation was assayed 3 davs later. Cells were assayed
for GFP and/or mCherry expression 48h post-infection using an inverted fluorescence
microscope (Carl Zeiss Micrommagmg). MuSCs are freshly isolated from the mice by FACS
and put i colture for a maximum time period of one week, therefore myeoplasma

comtamination is not assessed.
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Proliferation assayvs

13158} To assay proliferation, we used three different assays (hemocytometer, VisionBlug,
and HEdU}. For cach, we seeded MuSCs on flat hvdrogels (hemocyiometer and VisionBlue) or
collagen-coated plates (EdU assay) at a density of 500 celis per cm’ surface area. For
hemocytometer cell number count, we collected cells at indicated timepoints by imcubation
with 0.5% trypsin in PBS for 5 min at 37 °C and quentified them using a hemocytometer at
least 3 times. Additionally, we used the VisionBlue Quick Cell Viability Fluorometric Assay
Kit (BioVision, catalog # K303} as a readout for cell growth i culture. Briefly, we incubated
MuSCs with 10% VisionBlue in culture medium for 3h, and measured fluorescence intensity
on a fluorescence plate reader (Infinite M1000 PRO, Tecan) at Ex= 530-570nm, Em=590-
620nm. We assaved prohiferation using the Click+1T EdU Alexa Fluor 355 Imagmg kit (Life
Technologices). Briefly, we incubated live cells with EdU (20 uM) for Thr prior to fixation,
and staimed nuclei according to the manufacturer’s guidelines together with anti-
MYOGENIN (Santa Cruz, catalog # s¢576, 1:250) to assay differentiation. We
counterstained nuclei with DAPI (Invitrogen). We acquired images with an AxioPlan2
epiflucrescent microscope (Carl Zeiss Microimaging) with Plan NeoFluar 10x/0.30NA or
204/0.75NA  objectives {Carl Zeiss) and an ORCA-ER digital camcra (Hamamatsu
Photonics) controlied by ShideBook (31} software. We gquantified EJU positive cells using the
MetaMorph Image Analysis software (Molecular Devices). Data analyses were blinded,
where researchers performing cell scoring were unaware of the treatment condition given to

sample groups analyzed.

Clonal muscle stem cell proliferation and fate analyses

{0151} We assayed clonal muscle stem cell proliferation by time-lapse microscopy as
previously described™. Briefly, we treated isolated aged MuSCs with PGE2 {Cayman
Chemical} or vehicle (BMSO) for 24hr. After five days of growth on hydrogels, cells were
reseeded at a density of 500 cells per em” surface area in hvdrogel microwells with 600 ym
diameter. For time-lapse microscopy we monitored cell proliferation for those wells with
single cells beginning §2 hr {(day 0) to two days afier seeding and recorded 1images every 3
min at 10x magnification using a PALM/AxioQObserver Z1 system (Carl Zeiss
Microimaging) with a custom cuvironmental control chamber and motorized stage. We
changed medium everv other day in between the acquisition time intervals. We analvzed
time-lapse image sequences using the Baxter Algorithms for Cell Tracking and Lineage

. . . . . 5,6,8-10
Reconstruction to identify and track single cells and generate lincage trees™™ ™"
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{31521 Viable and dead cells were distinguished in time-lapse sequences based on phase-
contrast boundary and motility maintenance or loss, respectively. We found that the rates of
proliferation (division) and death in the two conditions varied over time, Therefore, we
catimated the rates for the first and the sccond 24 hour intervals separately. The values were
estimated using the equations described in ° and found in Table 1. We denote the
proliferation rates o the two intervals P4 and pyg and the corresponding death rates d,, and
dsa. As an example, the proliferation rate in the treated condition durning the second 24 hour
interval is 5.38% per hour. Table 1 {below} shows that the rates of proliferation and death n
the two conditions arc similar in the first time interval, and that the difference 1n cell numbers
at the end of the experiment 1s due to differences in both the division rates and the death rates
during the second time interval. The modeled cell counts in the two time mtervals are given

by

) = (Co exp({pz4 — d24)t} 0<t<24
B L(z.@) exp((pas — dsg)(F — 24)) 24 <t <48

where ¢q 1s the number of cells at the onset. The modeled curves are plotted together with the

actual cell counts m FIG. 7F.

Table 1. Estimated proliferation and death rates per hours.

[P Psg oy dyn
DMSO
0.0488 (.0403 0.0045 0.0112
E2
0.0475 0.0338 0.0067 0.0012

10153} The data analysis was blinded. The rescarchers performing the imaging acquisition

and scoring were unaware of the treatment condition given to sample groups analyzed.

(uantitative RT-PCR

[3154] We isolated RNA from MuSCs using the RNeasy Micro Kit (Qiagen). For muscle
samples, we snap froze the tissue m hguid nitrogen, homogenized the tissues using a mortar
and pestle, followed by syringe and needle trituration, and then isolated RNA using Trizol
(Invitrogen). We reverse-transcribed ¢BNA from fotal mRNA from each sample using the
SensiFAST™ ¢cDINA Synthesis Kit (Bioline). We subjected cDNA to RT-PCR using SYBR
Green PCR Master Mix {Applied Biosystems) or TagMan Assays {Apphed Biosystems) in an
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ABI 7900HT Real-Time PCR System (Applied Biosystems). We cveled samples at 95 °C for
10 min and then 40 cyeles at 95 °C for 15 s and 60 °C for 1 min. To quantify relative
transeript levels, we used 2—AACY to compare treated and untreated samples and expressed
the results relative to Gapdh. For SYBR Green gRT-PCR, we used the following primer
sequences:  Gapdh,  forward  3-TTCACCACCATGGAGAAGGC-3',  reverse  5'-
CCCTTTIGGCTCCACCCT-3", Hpgd, forward 5~ TCCAGTGTGATGTGGCTGAC -3,

TeVerse S-ATTGTTCACGCCTGCATIGT -3, Prges, forward 5-
GCTGTCATCACAGGUCAGA-3, reverse 3-CTCCACATCTGGGTCACTCC-3", Prges2,
forward 5-CTCCTACAGGAAAGTGCCCA-3, reverse 5

ACCAGGTAGGTCTTGAGGGC -3'; Prger!, forward 5 GTGGTGTCGTGCATCTGCT-3,
reverse, 5’ CCOCTGCAGGGAGTTAGAGT-3, and  Prger2, forward 5~
ACCTTCGCCATATGCTCCTT-3, reVerse S-GGACCGGTOGGCCTAAGTATG-3".
TagMan Assays {Applied Biosystems) were used to quantify Pax7, Mvogenin, Slcolal
(PGT), Preer3 and Prgerd in samoples according to the manufacturer instructions with the
TagMan Universal PCR Master Mix reagent kit (Applied Biosystems). Transcript levels were
cxpressed relative to Gapdh levels. For SYBR Green gPCR, Gapdh gFCR was used to
normalize input cDNA samples. For Tagman gPCR, multiplex gPCR enabled target signals

(FAM) to be normalized mdividually by their internal Gapdh signals (VIC).

PGE2 ELISA

[B155] Muscle was harvested, nnsed in ice-cold PBS containing indomethacin (5.6 pg/mi),
and snap frozen m hguid nitrogen. Frozen samples were pulverized i liguid nitrogen. The
powder was transferred to an Eppendorf tube with 500 pl of bysate buffer (50 mM Tris-HCL
pH 7.5, 150 M Na(l, 4 mM CaCl, 1.5% Triton X-100, protease inhibitors and micrococcal
nuciease), and then homogenized using a tissue homogemzer. The PGEZ level of the
supernatant was measured using a PGE2 ELISA Kit (R&D Systems, catalog # KGEOD4B)
and expressed relative to total protein measured by BCA assay (BioRad) and expressed as ng

of PGH2 Hach sample was assayed in duplicate and in cach of two mdependent experiments.
cAMP activity assay

0156} MuSCs were treated with BDMSO (vehicle)y or PGEZ2 (10 ng/mi) for 1h and cyclic
AMP levels measured according to the cAMP-Glo Assay protocol optimized by the
manufacturer (Promega). Hach sample was assayed in triplicate and in two independent

experiments.
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Flow cytometry

[61587] We assaved Annexin V as a readout of apoptosis for MuSCs after 7 days in culture
on hydrogels, after an imtial acute (24 hr) treatment of vehicle (MBSO} or PGE2 (10 ng/ml).
We used the FITC Annexin V Apoptosis Detection Kit (Biolegend, cat # 640914} according
to the protocol of the mamufacturer. We analyzed the cells for Annexin V on a FACS LSR i}
cviometer using FACSDiva software (BD Biosciences) in the Shared FAUS Faclity,
purchased using an NIH $10 Shared Instrument Grant (S10RR027431-01).

Mass spectrometry

Analvtes:
[6158] Al prostaglandin standards ~ PGF2q; PGE2; PGD2; 15-keto PGE2; 13,14-dihydro
15-keto PGE2; PGE2-D4; and PGF2a-D9Y — were purchased from Cayman Chemical. For the
PGE2-D4 internal standard, positions 3 and 4 were labeled with a total of four deuterium
atoms. For PGF2¢-D9, positions 17, 18, 19 and 20 were labeled with a total of ning

deuterium atoms.

Calibration Carve preparation:
[3159]  Analvite stock solutions {5 mg/mbL} were prepared in DMSO. These stock solutions
were senially diluted with acetonitrile/water (1:1 v/v) to obtam a series of standard working
solutions, which were used to generate the calibration curve. Calibration curves were
prepared by spiking 10 wL. of each standard working solution mto 200 L of homogenization
buffer (acetone/water 11 v/iv: 0.005% BHT to prevent oxidation} followed by addition of 10
ul mternal standard solution (3000 ng/mL each PGF2a-D9 and PGE2Z-D4). A calibration
curve was prepared fresh with gach set of samples. Calibration corve ranges: for PGE2 and
13,14-dihvdro 15-keto PGEZ, from 0.05 ng/mb to 500 ng/mb; for PGD2 and PGF2q, from

0.1 ng/md to 500 ng/mal.; and for 15-keto PGE2, from 0.025 ng/ml to 500 ng/ml.

Extraction procedure:
[8160] The extraction procedurc was modified from that of Prasain et al. '! and included
acetone protein precipitation followed by 2-step liguid-ligmd extraction; the latter step
enhances LOC-MB/MS sensitivity. Butylated hydroxytohiene (BHT) and evaporation onder

nitrogen (N2) gas were used to prevent oxidation.

13161] Sohd tissues were harvested, weighed, and snap-frozen with hquid mitrogen. Muacle
tissue was combined with homogenization beads and 200 pub homogenization buffer m a

polyvpropylene tube and processed in a FastPrep 24 homogenizer (MP Biomedicals) for 40
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seconds at a speed of 6 nv/s. After homogenization, 10 pb internal standard solution {3000
ng/mi) was added to tissue homogenate followed by sonication and shaking for 10 minutes.
Samples were centrifuged and the supematant was transferred to a clean eppendorf tube. 200
pl hexane was added to the sample, followed by shaking for 15 munutes, then centrifugation.
Samples were frozen at -80°C for 40 munutes. The hexane layer was poured off from the
frozen lower aqueous layer, and discarded. After thawing, Z5uk of IN formic acid was
added to the bottom aqueous layer, and the samples were vortexed. For the second
extraction, 200 pl chloroform was added to the aqueous phase. Samples were shaken for 15
minutes to ensure fll extraction. Centrifugation was performed to separate the layers. The
lower chloroform layer was transferred to a new eppendorf tube and cvaporated to dryness
under nitrogen at 40°C. The dry residue was reconstituted in 100 pl acetonitrile/10 mM

ammonium acetate (2:8 v/v) and analyzed by LC-MS/MS.
LO-MS/MS:

13162] Since many prostaglandins are positional isomers with identical masses and have
similar fragmentation patierns, chromatographic separation is critical. Two SEM transitions —
one guantifier and one quabifier — were carcfully selected for each analvie. Distinctive
qualifier ion mtensity ratios and retention times were essential to authenticate the target
analytes. All analyses were carmed out by negative clectrospray LC-MS/MS using an LC-
20AD g prominence liquid chromatograph and 8030 triple quadrupole mass spectrometer
{(Shimadzu). HPLC conditions: Acquity UPLC BEH C18 2.Ix100 mm, 1.7 um particle size
column was operated at 50°C with a fiow rate of .25 mi/min. Mobile phases consisted of
A: 0.1% acetic acid in water and B: 0.1% acetic acid in acetonitrile. Elution profile: instial
hold at 35% B for 5 minutes, followed by a gradient of 33%-40% m 3 nunutes, then 40%-
95% in 3 minutes; total run time was 14 manutes. Injection volume was 20 ul. Using these

HPLC conditions, we achieved bascling separation of the analytes of interest.

{31631 Sclected reaction momtoring (SRM) was uwsed for guantification. The mass
transitions were as follows: PGD2: m/z 351,10 — /2 31515 {quantifier} and m/z 351 10 —
m/z 233.05 {qualifier}; PGEZ: m/z 351.10 — m/z 271 .25 {quantifier) and m/z 35110 — m/z
315.20 {quahfier); PGF2a m/z 353.10 — m/z 309 20 {quantifier} and m/z 353 10 — m/z
193.20 (qualifiery; 15 keto-PGE2: m/z 34930 — m/z 331 20 {quantifier) and m/z 34930 —

0z 113.00 (qualificr); 13, 14-dihydro 15-keto PGE2 m/z 351.20 — m/z 333.30 {quantifier)
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and m/z 351.20 — m/z 113.05 {(qualifier); PGE2-D4: nv/z 355 40 — m/z 275.20; and PGF2q-

DY m/z 362 20 — m/z 318.30. Dwell time was 20-30 ms.

16164] {Quantitative analysis was done using LabSolutions LCMS (Shimadzu). An internal
standard method was used for quantification: PGE2-D4 was used as an internal standard for
quantification of PGE2, 15-keto PGEZ, and 13, ld-dihydro 15-keto PGEZ. PGFZa-DY was
the internal standard for quantification of PGD2 and PGF2a. Calibration curves were linear
(R>0.99) over the concentration range using a weighting factor of I/X® where X is the
concentration. The back-caleulated standard concentrations were £13% from nominal values,

and £20% at the lower hinut of quantitation (LLOG).

In vivo muscle force measurement

[3165] Aged mice (18 mo.) were subjected to downhill treadoull run for 2 consecutive
weeks. During week 1, mice ran daily for 5 days and rested on days 6 and 7. Two hours after
each treadmill run during week 1, each (lateral and medialy gastrocnemius {GA) muscle from
both legs of each mouse was mmjected with a dose of either PBS (vehicle control) or 13nM
dmPGEZ {experimental group). During week 2, mice were subjected to 5 days treadmill run
only. The treadmill run was performed osing the Exer3/6 (Colambas Instruments}. Mice ran
for 10 minutes on the treadmull at 20 degrees downhill, starting at a speed of 7 meters/min.
After 3 min, the speed was increased by 1 meter/mun to a final speed of 14 meter/oun. 10
minuies run time was chosen, as exhaustion defined as the mability of the animal to remain
on the treadmill despite electrical prodding, was observed at a median of 12 minuote in an
mdependent control aged mouse group. Force measurements were on the GA muscles at
woek 5 based on a protocol published previously’. Briefly, for cach mouse, an incision was
made to expose the GA. We severed the calcancus bone with intact achilles tendon and
attached the tendon-bone complex to a 300C-LR force transducer {Aurora Scientific) with a
thin metal hook. The muscles and tendons were kept moist by periodic wetting with saline
{0.9% sodium chlorde) solution. The lower imb was immobilized below the knee by a metal
clamp without compromising the blood supply to the leg. The mouse was under inhaled
angsthetic (2% isofluorane} duning the entire force measuring procedure and body
temperature was maintained by a heat lamp. fo all measurements, we used 0.1-ms pulses at a
predetermined supramaximal stimulation voltage. The GA muscles were stimulated via the
proximal sciatic nerve using a bipolar electrical stimulation cuff delivering a constant current
of 2 mA {(square pulse width 0.1 ms). GA muscles were stimulated with a single 0. 1-ms pulse

for twitch force measurements, and a train of 150 Hz for 0.3 s pulses for tetanic force
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measurements. We performed five twitch and then five tetanic measurements on cach muscle,
with 2-3 min recovery between cach measurement with n=5 mice per group. Data were
collected with a PCI-6251 acquisition card (National Instruments) and analyzed in Matlab.
We calculated specific force values by normalizing the force measurements by the muscle
physiological cross-sectional areas (PCSAs), which were similar between the control and the
experimental PGE2 treated group (Table 2). PCSA (measured in mm’y was calculated
according to the following equation’

PCSA (mm?) = [mass (g) X Cos #] + [p(g/mm”) x fiber length (mm)],

where # is penmation angle of the fiber and p is muscle density (0.001036 g/mm’).

Statistical analyses

[B166] We performed cell culture experiments in at least three independent experiments
where three biological replicates were pooled in cach. In general, we performed MuSC
transplant experiments m at least two independent experiments, with at least 3-5 t{otal
transplants per condition. We used a paired t-test for experiments where control samples were
from the same experiment in vitro or from contralaieral limb muscles in vive. A non-
parametre Mann-Whitney test was used to determine the significance difference between
untreated (<) vs treated (PGE or dmPGE2} groups using o=0.05. ANOVA or multiple t-test
was performed for multiple comparisons with significance level determined vsing Bonferront
correction of with Fisher’s test as indicated in the figure legends. Unless otherwise described,

data are shown as the mean + s.em.

METHODS REFERENCES:

1 Sacco, A, Doyonnas, R, Kraft, P, Vitorovic, S. & Blau, H M. Self-renewal and
gxpansion of single transplanted muscle stem  cells. Nature 456, 502-506,
doi: 10.1038/naturc(37384 (2008).

2 Schnewder, A, er . Generation of a conditional allele of the mouse prostaglandin EP4
receptor. Genesis 40, 7-14, doi:10.1002/gene. 20048 (2004).

3 Murphy, M. M., Lawson, §. A, Mathew, S. J., Hutcheson, D. A. & Kardon, G.
Satellite cells, connective tissue fibroblasts and their interactions are crucial for
musecle regeneration. Development 138, 3625-3637, doi: 10.1242/dev 064162 {2011},

4 Safran, M. ef al Mouse reporter strain for noninvasive biolunminescent mmagimg of
cells that have undergone Cre-mediated recombination. Molecular imaging 2, 297-
302 (2003).

5 Cosgrove, B. D. ef al Rejuvenation of the muscle stem cell population restores
strength to injured aged muscles. Nature medicine 28, 255-264, doi:10.1038/nm 3464
(2014).

6 Gilbert, P. M. e/ @l Substrate elasticity regulates skeletal muscle stem cell self-
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g Chenouard, N. e g/ Objective comparison of particle tracking methods. Nature
methods 11, 281-289, doi:10.1038/nmeth 2808 (2014).

9 Magnusson, K. E., Jalden, J, Gilbert, P. M. & Blay, H M. Global linking of cell
tracks using the Viterhi algorithm. JEEE transactions on medical imaging 34, 911-
929, do1:10.1109/TMI1.2014.2370951 (2015).

10 Maska, M. ef «/ A benchmark for companson of cell tracking algorithms.
Bioinformatics 36, 1609-1617, doi: 10.1093/biomformatics/btu080 (2014).

11 Prasain, J. K., Hoang, H. D., Edmonds, J. W. & Miller, M. A. Prostaglandin
extraction and analysis in Caenorhabditis elegans. Journa! of visualized experiments .
JoVE, doi:10.3791/50447 (2013).
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Table 2. Physiclogical cross-sectional area {(PCSA) of aged gastrocnemius week 3 post-
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Avg, dmPGE2 25.63

Example 2: Increased Muscle Forces After Prostasiandin E2 (PGE2) Iniection.

[3167} This example shows an increase in specific twitch force of gastrocnemius muscles
in aged mice injected with PGE2Z. The aged mice (18 months old) were subject to treadnull
run to cxhaustion daily for 10 davs. The treadmill run was performed using the Exer3/6
(Columbus Instruments). Mice ran on the treadmill at 20 degrees downhill, starting at a
speed of 10 meters/min. After 3 nun, the speed was mcreased I meter/min to a final speed of
20 meters/man.  Exhaustion was defined as the inability of the animal to remain on the
treadmill despite electrical prodding. 2 h after cach treadmill run, both gastrocnemius
nwscles of cach mouse were injected with either PBS (control group) or 3 nM PGE2
{experimental group). The force measurement was performed 4 weeks afier the last treadmuli
run using a 300C-LR force transducer {Aurora Scientific) with a single 0.1 ms pulse at

predetermined supramaximal stimulation indensity.

{0168} Representative raw muscle force traces of single gastrocnemius muscles are
provided in FIGS, 4M-4M. The muscle force and synchronization pulses were recorded via a
PCI-6251 acquisition card (National Instruments) and analyzed using Matlab. FIGS. 40-4P
show the specific muscle force values that werg calculated by normalizing the force
measurements with the muscle phvsiological cross-sectional area. The specific twitch force
values (kN/m’) are represented by the Box and Whiskers plot that shows the minimum,
maximum, and median values. Five repetifive measurements were made from each muscle.
N=4 for the control group and n=5 for the PGE2 injected group. ** represents a statistical

significant value of p<0.005 by 2-tailed Mann Whitney test.
Vi. Exemplary Embodiments

{0169} Excmplary embodiments provided m accordance with the presently disclosed

subject matter include, but are not himited to, the claims and the following embodiments:

1. A mcthod for stimulating the proliferation of a population of 1solated muscle cells,
the method comprising:
culturing the population of isolated muscle cells with a compound selected

from the group cousisting of prostaglandin E2 (PGEZ2), a PGEZ prodrug, a PGEZ receptor
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agonist, a compound that attenoates PGE2 catabolism, a compound that neuvtralizes PGE2

inhibition, a derivative thereof, an analog thereof, and a combination thereof

2. The method of embodiment 1, wherein the population of isolated muscle cells is
purified.
3 The method of embodiment 1 or 2, wherein the population of isolated muscle cells

comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells, embryonic stem
cell~derived muscle cells, induced pluripotent stem cell-denived muscle cells, dedifferentiated

muscle cells, or a combination thereot.

4. The method of any one of embodiments 1 to 3, wherein the population of isclated
muscle cells comprises muscle stem cells, satellite cells, myocvtes, mvoblasts, myotubes,

myofibers, or a combination thereof.

5. The method of anv one of embodiments 1 to 4, whercin the population of isolated

muscle cells is obtained from a subject.

6. The method of embodiment 5, whercin the subject has a condition or discase
associated with muscle damage, injury, or atrophy.

~

7. The method of embodiment 6, wherein the condition or discase associated with
muscle damage, imjury, or atrophy is selected from the group consisting of acute muscle
mjury or trauma, soft tissue hand inpury, Duchenne muscular dystrophy (DMD), Becker
muscular dystrophy, imb girdle muscular dystrophy, amyotrophic lateral sclerosis {(ALS),
distal muscular dystrophy (D1}, inherited myopathics, mvotonic muscular dvstrophy (MDD),
mitochondrial myopathies, myotubular mvopathy (MM), myasthenia gravis (M), congestive
heart falure, periodic paralysis, polymyositis, rhabdomyolysis, dermatomyositis, cancer
cachexia, AIDS cachewia, cardiac cachexia, stress induced urimary incontinence, and

sarcopenia.

8. The method of any one of embodiments 1 to 7, wherein the PGEZ derivative
comprises 16,16-dimethyl prostaglandin E2.

~

9. The method of anv one of embodiments i to 7, wherein the compound that
attenuates PGE?2 catabolism compnses a compound, neutralizing peptide, or neutralizing
antibody that inactivates or blocks 15-hydroxyprostaglandin dehydrogenase (15-PGDH) or

mactivates or blocks a prostaglandim transporter {PTG or SLCO2A1).

(]
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16 The method of any one of embodiments 1 1o 9, wherein colturing the population of
isolated muscle cells with the compound comprises acute, intermittent, or continmuous

exposure of the population of isolated muscle cells to the compound.

i1 A method for promoting muscle cell engraftment in a subject, the method
comprising

culturing a population of 1solated muscle cells with an effective amount of a
compound selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug,
a PGE? receptor agomist, a compound that attenuates PGE? catabolism, a compound that
neutralizes PGE2 inhibition, a derivative thercof, an analog thereof, and a combination
thereof, to promote engrafiment of the muscle cells m the subject; and

administering the cultured mauscle cells to the subject.

12 The method of embodiment 11, wherein the population of isolated muscle cells 15
purified.
13. The method of embodiment 11 or 12, wherein the population of 1solated muscle

cells comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells, embrvonic
stem  cell-derived muscle cells, induced pluripotent stem cell-derived muscle cells,

dedifferentiated muscle cells, or a combination thereof.

14, The method of any one of embodiments 11 to 13, wherein the population of isolated
muscle cells comprises muscle stem cells, satellite cells, myocytes, myoblasts, myotubes,

myvofibers, or a combmation thercot.

15 The method of any one of embodiments 11 to 14, whercin the population of isolated

muscle cells 1s autologous to the subject.

16, The method of any one of embodiments 11 to 14, wherein the population of isclated

muscle cells is allogencic 1o the subject.

17. The method of anv one of embodiments 11 to 16, wherein the subject has a

condition or disease associated with muscle damage, injury, or atrophy.

18, The method of embodiment 17, wherein the condition or disease associated with
muscle damage, mjury, or atrophy is selected from the group consisting of acute muscle
mjury or trauma, soft tissue hand injury, Duchenne muscular dystrophy (DMD), Becker

muscular dystrophy, imb girdle muscular dystrophy, amyotrophic lateral sclerosis (ALS),
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distal muescular dystrophy (DD}, inhernited myopathies, myotonic muscular dystrophy (MDD},
mitocchondral myopathies, myotabular myopathy (MM}, myasthenia gravis (M), congestive
heart failure, periodic paralysis, polymvositis, rhabdomyvolvsis, dermatomyositis, cancer
cachexia, AIDS cachexia, cardiac cachexia, stress induced urnary incontinence, and

sarcopenia.

19. The method of anv one of embodiments 11 to 18, wherein the PGE2 derivative
comprises 16, 16-dimethyl prostaglandin E2.

s

20. The method of any one of embodiments [1 to 18, wheremn the compound that
attenuates PGE2 catabolism comprises a compound, noutralizing peptide, or neotralizing
antibody that mactivates or blocks 15-hydroxyprostaglandin dehvdrogenase {(15-PGDH) or

mactivates or blocks a prostaglandin transporter (PTG or SLCO2AT).

2L The method of any one of embodiments 11 to 20, wherein culturing the population
of isolated muscle cells with the compound comprises acute, intermittent, or confinuous

exposure of the population of 1solated muscle cells to the compound.

4

22. A composition comprising a population of 1solated muscle celis and a compound

b

selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug, a PGE2
receptor agonist, a compound that attenuates PGE2 catabolism, a compound that neutralizes

PGE?2 shibition, a derivative thereof, an analog thereof, and a combination thereof.

23. The composition of embodiment 22, wherein the population of isolated muscle cells
comprises skeletal mascle cells, smooth muscle cells, cardiac musele cells, embryonic stem
celi-derived muscle cells, induced pluripotent stom celi-derived muscle cells, dedifferentiated

muscle cells, or a combination thereof.

24, The composition of embodiment 22 or 23, wherein the population of isolated
muscle cells comprises muscle stem cells, satellite cells, myocyies, myoblasts, myotubes,

myofibers, or a combination thereof.

25 The composition of any one of cmbodiments 22 to 24, further comprising a

pharmaceuticaily acceptable carmer.

26. A kit comprnsing the composition of any one of embodiments 22 to 25, and an

instruction manual.
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27. A method for regenerating a population of muscle cells in a subject having a
condition or disease associated with muscle damage, injury, or atrophy, the method
COmprising:

admimistering to the subject a therapeutically effective amount of a compound
selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrag, a PGE2
receptor agonist, a compound that attenuates PGEZ catabolism, a compound that neutralizes
PGE2 inhibition, a derivative thereof, an analog thercof, and a combination thereof, and a
pharmaceutically acceptable carrier, to increase the population of muscle cells and/or to
enhance muscle function in the subject.

28. The method of embodiment 27, wherein the condition or disease associated with

muscle damage, mjury, or atrophy is selected from the group consisting of acute muscle
myury or trauma, soft tissuc hand injury, Duchenne muscular dystrophy (DMD), Becker
muscular dystrophy, limb girdle muscular dystrophy, amvotrophic lateral sclerosis (ALS),
distal muescular dystrophy (DD}, inhernited myopathies, myotonic muscular dystrophy (MDD},
mitocchondral myopathies, myotabular myopathy (MM}, myasthenia gravis (M), congestive
heart failure, periodic paralysis, polymvositis, rhabdomyvolvsis, dermatomyositis, cancer
cachexia, AIDS cachexia, cardiac cachexia, stress induced urnary incontinence, and

sarcopenia.

29, The method of embodiment 27 or 28, wheremn the population of muscle cells
comprises skeletal muscle cells, smooth muscle celis, cardiac muscle cells, embryonic stem
cell-derived muscle cells, induced pluripotent stem cell-denived muscle cells, dedifferentiated

muscle cells, or a combination thercof.

30. The method of any one of embodiments 27 to 29, wherein the population of muscle
cells comprises muscle stem cells, satellite cells, myocyies, myoblasts, myotubes, myofibers,

or a combination thereof

31 The method of any one of embodiments 27 to 30, wherein the PGEZ derivative

comprises 16, 16-dimethvi prostaglandin E2.

32 The method of any one of embodiments 27 to 30, wherein the compound that
attenuates PGE? catabolism comprises a compound, neutralizing peptide, or neutralizing
antibody that mactivates or blocks 15-hvdroxyprostaglandin dehvdrogenase (15-PGDH) or

mactivates or blocks a prostaglandin transporter (PTG or SLCO2AL)

W
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33. The method of any one of embodiments 27 to 32, whercin administering the
compound comprises oral, mtraperitongal, intramuscular, intra-arterial,  intradermal,

subcutancous, intravenous, or intracardiac administration.

34. The method of any one of embodiments 27 to 33, wherein the compound is

administered in accordance with an acute regimen.

35. The method of any one of embodiments 27 to 34, wherein administering further

comprises administering a population of isolated muscle cells to the subject.

36. The method of embodiment 35, wherein the population of isolated muscle cells 18

autologous 1o the subject.

37 The method of embodiment 35, wherein the population of isolated muscle cells s

allogencic o the subject.

38. The method of any one of embodiments 35 to 37, wherein the population of isolated

muscle cells is purified.

39, The method of any one of embodiments 35 to 38, wherein the population of isolated

muscle cells 1s cultured with the compound prior to being administered to the subject.

40. The method of embodiment 39, wheremn cultuning the population of isolated muscle
cells with the compound comprises acute, mtermitient, or continucus exposure of the

population of isolated muscle cells to the compound.

41 The method of any one of embodiments 35 to 40, whercin administering the
population of isolated muscle cells comprises injecting or transplanting the celis nto the
subject.
42 The method of any one of embodiments 35 to 41, wherein the population of isolated
muscle cells and the compound are administered to the subject concomitantly.
43 The method of any one of embodiments 35 to 41, wherein the population of isolated
muscle cells and the compound are administered to the subject sequentially.
44, A method for preventing or treating a condition or disease associated with muscle
damage. injury or atrophy in & subject in need thereof, the method comprising;

admunistering to the subject (1) a therapeutically effective amount of a

compound selected from the group consisting of prostaglandin E2 (PGE2), a PGEZ prodrug,

60
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a PGE2 receptor agomist, a compound that attenuates PGE2 catabolism, a compound that
neutralizes PGE2 inhibition, a derivative thereof, an analog thereof, and a combination
thereof, and a pharmaceutically acceptable carrier, and (i) a population of isolated muscle
cells, to proevent or treat the condition or disease associated with muscle damage, mjury, or

atrophy.

43, The method of cmbodiment 44, wherem the PGEZ denvative comprises 16,16-

dimethyl prostaglandin E2.

46, The method of embodiment 44, wherein the compound that attenuvates PGE2
catabolism comprises a compound, neutralizing peptide, or neutralizing antibody that
inactivates or blocks 15-hydroxyprostaglandin dehydrogenase (15-PGDH) or nactivates or

blocks a prostaglandin transporier (PTG or SLCO2A 1),

47 The method of any one of embodiments 44 to 46, wherein the population of {solated
muscle cells comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells,
embryonic stem cell-derived muscle cells, induced pluripotent stem cell-derived muscle cells,

dedifferentiated muscle cells, or a combination thereof.

48. The method of any one of embodiments 44 to 47, wherein the population of isolated
muscle cells comprises muscle stem cells, satellite cells, myoblasts, myocytes, myvotubes,

myofibers, or a combination thereof.

49, The method of any one of embodiments 44 to 48, wherein the population of isolated

muscle cells is purified.

50 The method of any one of embodiments 44 to 49, wherein the population of isolated
muscle cells 1s cultured with the compound prior to being administered to the subject.

51 The method of embodiment 50, wheremn cultuning the population of isolated muscle
cells with the compound comprises acute, intermitient, or continuous exposure of the
population of isolated muscle cells to the compound.

52. The method of any one of embodiments 44 to 51, wherein the population of isclated
muscle cells is autologous to the subject.

53. The method of any one of embodiments 44 to 51, wherein the population of isolated

muscle cells is allogeneic to the subject.

61
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54. The method of any one of embodiments 44 to 33, whercin administering the
compound comprises oral, mtraperitongal, intramuscular, intra-arterial,  intradermal,

subcutancous, mntravenous, or intracardiac administration.

55. The method of any one of embodiments 44 to 534, wherein the compound is

administered in accordance with an acute regimen.

36. The method of any one of embodiments 44 to 35, whercin administering the
population of isolated mscle cells comprises imjecting or transplanting the cells nto the

subject.

57. The method of any one of embodiments 44 to 56, wherein the compound and the

population of isolated muscle cells are administered to the subject concomitantly.

58. The method of any one of embodiments 44 to 56, wherein the compound and the

population of isolated muscle cells are administered to the subject sequentially.

59. The method of any one of embodiments 44 to 38, wherein the subject is suspected
of having or at risk for developing the condition or discase associated with muscle damage,

mjury, or atrophy.

60, The method of any one of embodiments 44 to 39, wherein the condition or disease
associated with muscle damage, injury or atrophy is selected from the group consisting of
acute muscle mjury or trauma, soft tissue hand injury, Duchenne muscular dystrophy (DMIDY),
Becker muscular dystrophy, fimb girdle muscular dystrophy, amyotrophic lateral sclerosis
(ALS), distal muscular dvstrophy (D303}, inherited mvopathics, mvotonic muscular dystrophy
(MDD}, mutochondrnial myopathies, myotubular myopathy (MM), myasthenia gravis (MG),
congestive heart failure, periodic paralysis, polymyositis, rhabdomyolysis, dermatomyositis,
cancer cachexia, AIDS cachexia, cardiac cachexda, stress induced urinary incontinence, and
sarcopenia.

{6176} Although the foregoing invention has been described 1n some detail by way of
tlustration and example for purposes of clarity of understanding, one of skill in the art will
appreciate that certain changes and modifications may be practiced within the scope of the
appended clatms. In addition, each reference provided herein is incorporated by reference

its entirety o the same extent as if cach reference was imdividually incorporated by reference.



.4

10

30

35

WO 2017/152044 PCT/US2017/020650

Informal Sequence Listing

Gapdh, torward
SYTTCACCACCATGGAGAAGGC-3 (SEQID NGO 1)

Gapdh. reverse
SVCCCTTTTGGCTCCACCOT-3" (SEGQ ID NO: 2)

Hpgd, forward
5- TCCAGTGTGATGTGGCTGAC -3' (SEQ ID NO: 3)

Hpgd, reverse
S-ATTGTTCACGCCTGCATICT-3 (SEQ IB NG 4)

Prges, forward
5 GCTGTCATCACAGGCCAGA-3 (SEQ ID NG: $)

Prges, reverse
S-CTCCACATCTGOGTCACTCC-3 (SEQ 1D NO: 6)

Piges2, forward
5-CTCCTACAGGAAAGTGCCCA-3 (SEQ ID NO: 7)

Prges?, reverse
5- ACCAGGTAGGTCTTGAGGGC -3' (SEQ ID NO: 8

Prger] forward
57 GTGGTGTCGTGCATCTGOT-3" (SEQ ID NG 9)

Frgerl, reverse
57 CCGUTGCAGGGAGTTAGAGT-3' (SEQ 1D NO: 10)

PrgerZ, forward
3“ACCTTCGCCATATGCTCOTTE-3 (SEQ IDNO: 1)

Prger2, reverse
SLGOGACCGOGTGGCCTAAGTATG-3 (SEQ 1D NG 12)
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WHATIS CLAIMED IS:

I A method for stimulating the proliferation of a population of isolated
muscle cells, the method comprising:

culturing the population of solated muscle cells with a compound selected
from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug, a PGE2 receptor
agomist, a compound that attenuates PGE2 catabohism, a compound that neutralizes PGE2

mhibition, a derivative thereof, an analog thereof, and a combination thereof

2. The method of claim 1, wherein the population of isolated muscle cells
is puritied.

3. The method of claim 1, wherein the population of 1solated muscle cells
comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells, embrvonic stem
cell-derived muscle cells, mnduced pluripotent stem cell-derived muscle cells, dedifferennated

muscle cells, or a combination thereof.

4, The method of claim 1, wherein the popuiation of 1solated muscle cells
comprises muscle stem cells, satellite cells, myocytes, myoblasts, myotubes, myofibers, or a

combination thereof.

5. The method of claim 1, wherein the population of 1solated muscle cells

is obtained from a subject.

6, The method of claim 5, wherein the subject has a condition or disease

associated with muscle damage, injury, or atrophy.

7. The method of claim 6, wherein the condition or disecase associated
with muscle damage, mjury, or atrophy is selected tfrom the group consisting of acute muscle
mjury or trauma, soft tissuc hand myjury, Duchenne muscular dystrophy (BMD), Becker
muscular dystrophy, limb girdle muscular dystrophy, amyotrophic lateral sclerosis (ALS),
distal muscular dvstrophy (DD), inherited myopathies, myotonic muscular dystrophy (MDD),
mitochondrial myopathies, myotubular myopathy {(MM), myasthenia gravis (MG}, congestive
heart failure, perniodic paralysis, polymyositis, rhabdomyolysis, dermatomyositis, cancer
cachexia, AIDS cachexia, cardiac cacheoxia, stress induced unnary incontinence, and

sarcopenia.

8. The method of ¢laim 1, wherein the PGE? derivative comprises 16,16~

dimethyl prostaglandin E2.
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9. The method of claim 1, wherem the compound that attenuates PGE2
catabolism comprises a compound, peuifralizing peptide, or neutralizing antibody that
mactivates or blocks 15-hydroxyprostaglandin dehvdrogenase (15-PGDH) or inactivates or

blocks a prostaglandin transporter (PTG or SLCOZAT).

16, The method of claim 1, wherein culturing the population of isolated
muscle cells with the compound comprises acute, internuttent, or continuous exposure of the

population of isolated mascle cells to the compound.

1. A method for promoting muscle cell engraftment v a subject, the
method comprising;

culturing a population of isolated muscle cells with an effective amount of a
compound selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug,
a PGE2 receptor agonist, a compound that attenuates PGE2 catabolism, a compound that
neutralizes PGEZ mhibition, a denvative thereof, an analog thereof, and a combination
thereof, to promote engrafiment of the muscle cells in the subject; and

administering the cultured muscle cells to the subject.

12, The method of clamn 11, wherein the population of isolated muscle

cells is purified.

13.  The method of claim 11, wherein the population of isolated muscle
cells comprises skeletal mascle cells, smooth muscle cells, cardiac muscle cells, embryonic
stem cell-derived muscle cells, induced pluripotent stem  cell-derived muscle cells,

dedifferentiated muscle cells, or a combination thereof.

14, The method of clamm 11, wherein the population of isolated muscle
cells comprises muscle stem cells, satellite cells, myocyies, myoblasts, myotubes, myofibers,

or a combination thereof

i5. The method of claim 11, wherein the population of isolated muscle

cells 1s autologous to the subject.

16,  The method of clamm 11, wherein the population of isolated muscle

cells 15 allogeneic to the subject.

17. The method of claim 11, wherein the subject has a condition or disease

associated with musele damage, injury, or atrophy.

i8. The method of claim 17, wherein the condition or discase associated

with muscle damage, injury, or atrophy is selected from the group consisting of acute muscle
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mjury or trauma, soft tissue hand injury, Duchemne muscular dystrophy (DMD), Becker
muscular dystrophy, limb girdle muscular dystrophy, amyotrophic lateral sclerosis (ALS),
distal muscular dystrophy {(DD), inherited myopathies, myotonic muscular dvstrophy {(MDD),
mitochondrial myopathics, myvotubular mvopathy (MM}, myasthenia gravis {MG), congestive
heart failure, penodic paralysis, polymyvositis, rhabdomyolyvsis, dermatomyvositis, cancer
cachexia, AIDS cachexia, cardiac cachexia, stress induced unnary incontinence, and

sarcopenia.

19.  The method of claim 11, wherein the PGE2 derivative comprises

16,16-dimcthyl prostaglandin E2.

20, The method of claim 11, wherein the compound that atteruates PGE2
catabolism comprises a compound, neutralizing peptide, or neutralizing antibody that
inactivates or blocks 15-hydroxyprostaglandin dehydrogenase (15-PGDH) or nactivates or

blocks a prostaglandin transporier (PTG or SLCO2A1).

21, 'the method of ¢laim 11, wherein culturing the population of isclated
muscle cells with the compound compriscs acute, wtermittent, or continuous exposure of the

population of isolated muscle cells to the compound.

22, A composition comprising a population of isolated muscle cells and a
compound sclected from the group consisting of prostaglandin E2 (PGE2), a PGE? prodrug,
a PGE2 receptor agonist, a compound that attenuates PGE2 catabolism, a compound that
neutralizes PGE2 inhibition, a derivative thereof, an analog thereof, and a combination

thereof.

23, The composition of claim 22, wherein the population of isolated
muscle cells compuses skeletal muscle cells, smooth muscle cells, cardiac muscle cells,
crabryvonic stem cell-derived muscle cells, induced pluripotent stem cell-derived muscle cells,

dedifferentiated muscle cells, or a combination thereof,

24, the composition of claim 22, wherein the population of isclated
muscle cells comprises muscle stem cells, satellite cells, myocyies, myoblasts, myotubes,
myofibers, or a combination thereof.

25, The composition of claim 22, further comprising a pharmaccutically
acceptable carrer,

26. A kit compnsing the composition of claim 22, and an instruction

manual.
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27, A method for regenerating a popalation of muscle cells in a subject
having a condition or disease associated with muschke damage, wnjury, or atrophy, the method
COmprising:

administering to the subject a therapeutically effective amount of a compound
selected from the group consisting of prostaglandin E2 (PGE2), a PGE2 prodrug, a PGE2
receptor agonist, a compound that attenuates PGE? catabolism, a compound that neutralizes
PGE2 inlubition, a derivative thereof, an analog thereof, and a combmation thereof, and a
pharmaceutically acceptable carrier, to increase the population of muscle cells and/or to

enhance muscle function in the subject.

28, The method of claim 27, wherein the condition or discase associated
with muscle damage, injury, or atrophy is selected from the group consisting of acute muscle
injury or trauma, soft tissue hand inpury, Duchenne muscular dystrophy (BMD), Becker
nwscular dystrophy, limb girdle muscular dystrophy, amyvotrophic lateral sclerosis (ALS),
distal muscular dystrophy (DD}, inhernited myopathies, myotonic muscular dystrophy (MDD),
mitochondrial myopathies, myotubular myopathy (MM), mvasthenia gravis {MG), congestive
heart failure, periodic paralysis, polymvositis, rhabdomyvolvsis, dermatomyositis, cancer
cachexia, AIDS cachexia, cardiac cachexia, stress induced urnary incontinence, and

sarcopenia.

29, The method of claim 27, wherein the population of muscle cclis
comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells, embrvonic stem
cell-derived muscle cells, induced phuripotent stem cell-denved muscle cells, dedifferentiated

muscle cells, or a combination thercof.

30, The method of claim 27, wherein the population of muscle cclis
comprises musele stem cells, satellite cells, myocytes, myoblasts, myotubes, myofibers, or a
combination thereof.

31, The method of claim 27, wherein the PGE2 derivative comprises
16,16-dimcthyl prostaglandin E2.

32, The method of claim 27, wherein the compound that attenuates PGE2
catabolism comprises a compound, neutralizing peptide, or necutralizing antibody that
mactivates or blocks 15-hydroxyprostaglandin dehydrogenase (15-PGDH) or inactivates or

blocks a prostaglandin transporter (PTG or SLCO2AL).
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The method of claim 27, wherein administering the compound
comprises oral, intraperitoneal, intramuscular, mtra-arferial, intradermal, subcutancous,

mtravenous, or mtracardiac administration.

34, The method of claim 27, wherein the compound is administered in

accordance with an acute regimen.

35, The method of claim 27, wherein administering further comprises

administering a population of isolated muscie cells to the subject.

36. The method of claim 35, wherein the population of isolated muscle

cells 1s autologous to the sabject.

37.  The method of claim 35, wherein the population of isolated muscle

cells 15 allogeneic to the subject.

38 The method of claim 35, wherein the population of isolated muscle

cells 1s purified.

39, The method of clamm 35, wherein the population of isolated muscle

cells 15 cultured with the compound prior to being adonunistered to the subject.

40, 'The method of claim 39, wherein culturing the population of isolated
muscle cells with the compound compriscs acute, infermittent, or continuous exposure of the

population of isolated muscle cells to the compound.

41, The method of claim 35, wherein adnunistering the population of

isolated muscle cells comprises imjecting or transplanting the cells into the subject.

42, 'The method of claim 35, wherein the population of sclated muscle

cells and the compound are adnunistered to the subject concomitantly.

43, The method of claim 35, wherein the population of isolated muscle

cells and the compound are administered to the subject sequentially.

44, A method for proventing or treating a condition or disease associate
with musecle damage, injury or atrophy 10 a subject in need thereof, the method comprising:

admmistering to the subject {i} a therapeutically effective amount of a
compound selected from the group consisting of prostaglandin E2 (PGE2), a PGEZ prodrug,
a PGEZ receptor agonist, a compound that attenuvates PGE2 catabolism, a compound that
neutralizes PGEZ inhibition, a denvative thereof, an analog thereof, and a combination

thereof, and a pharmaccutically acceptable carrer, and (it} a population of isclated muscle
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cells, to prevent or treat the condition or disease associated with muscle damage, mjury, or

atrophy.

43, The method of clamm 44, whercin the PGEZ denvative comprises

16,16-dimethyl prostaglandin E2.

46, The method of ¢laim 44, wherein the compound that attenuates PGE2
catabolism comprises a compound, neufralizing peptide, or neutralizing antibody that
mactivates or blocks 15-hydroxyprostaglandin dehvdrogenase (15-PGDH) or inactivates or

blocks a prostaglandin transporter (PTG or SLCO2AL)

47, The method of claim 44, wherein the population of isolated muscle
cells comprises skeletal muscle cells, smooth muscle cells, cardiac muscle cells, embrvonic
stem  cell-derived muscle cells, induced pluripotent stem cell-derived muscle cells,

dedifferentiated muscle cells, or a combination thereof.

48,  The method of claim 44, wherein the population of isclated muscle
cells comprises muscle stem cells, satellite cells, myoblasts, mvocyies, mvotubes, myofibers,

or a combination thereof

49, The method of clamm 44, wherein the population of isolated muscle

cells 1s purified.

50.  The method of claim 44, wherein the population of solated muscle

cells 1s cultured with the compound prior to being administered to the subject.

51, The method of claim 50, wheremn culturing the population of isolated
muscle cells with the compound comprises acute, intermittent, or continucus exposure of the

population of isolated muscle cells to the compound.

52, 'tThe method of claim 44, wherein the population of solated muscle

cells is autclogous 1o the subject.

53.  The method of clamm 44, wherein the population of isolated muscle
cells is allogeneic to the subject.

54, The method of claim 44, wheremn adnunistering the compound
comprises oral, intraperitoneal, intramuscular, mtra-arterial, intradermal, subcutancous,
mtravenous, or mtracardiac administration.

55, The method of claim 44, wherein the compound is administered in

accordance with an acute regimen.
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56. The method of claim 44, wherein administering the population of

isolated muscle cells comprises injecting or transplanting the cells into the subject.

37 The method of claim 44, wherein the compound and the population of

isolated muscle cells are administered to the subject concomitantly.

58.  The method of claim 44, wherein the compound and the population of

isolated muoscle cells are administered to the subject seqaentially.

39, The method of claim 44, wherein the subject is suspected of having or
at risk for developing the condition or disease associated with muscle damage, mpurv, or

atrophy.

50, The method of claim 44, wherein the condition or discase assaciated
with muscle damage, ijury or atrophy 13 selected from the group consisting of acute muscle
mjury or trauma, soft tissue hand mjury, Duchenne muscular dystrophy (BMD), Becker
muscular dystrophy, limb girdie muscular dystrophy, amyotrophic lateral sclerosis (ALS),
distal muscular dvstrophy (DD), inherited myopathies, myotonic muscular dystrophy (MDD),
mitochondrial myopathies, myotubular myopathy (MM), myasthenia gravis (M(), congestive
heart failure, perniodic paralysis, polymyositis, rhabdomyolysis, dermatomyositis, cancer
cachexia, AIDS cachexia, cardiac cacheoxia, stress induced unnary incontinence, and

sarcopenia.
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